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 ABSTRACT 
Basil (Ocimum sp.) is the most popular fresh culinary herb. An increased demand 
for locally grown food is causing greenhouse producers to expand production of 
hydroponically grown culinary herbs. Greenhouse basil producers often manipulate 
production parameters however, there is a lack of data characterizing the effect of 
parameters such as hydroponic production system, cultivar, daily light integral (DLI), 
nutrient solution concentration, and plant density on growth and development of 
hydroponically produced basil. Furthermore, the effect of temperature on basil production 
is not well modeled. Our objectives were to quantify productivity and characterize 
growth and development of basil cultivars grown in nutrient film technique (NFT) and 
deep flow technique (DFT) hydroponic systems, quantify the effect of nutrient solution 
electrical conductivity (EC) on the growth of basil species and cultivars grown under 
high and low DLIs, quantify the effect of air temperature on growth and development of 
basil species, and to quantify the effect of plant density and DLI on growth and yield of 
green and purple sweet basil. This thesis outlines research conducted to fulfill these 
objectives, the reasoning behind this research, and a discussion of the implications.  
 
 1  
CHAPTER 1. LITERATURE REVIEW 
 
The Genus Ocimum L. 
Plants in the genus Ocimum, commonly referred to as basil, are widely grown 
herbs. Originating in India, Ocimum has spread to become naturalized in warm and 
tropical areas such Africa, America, and other parts of Asia (Paton, 1992). The genus is 
diverse with approximately 64 species identified (Tucker and DeBaggio, 2009) and a 
constantly increasing number of cultivars. Basil has been cultivated around the world for 
centuries, with many cultures utilizing basil for food, medicine and religious activities.  
There are several uses for basil, including use as an ornamental plant in 
landscapes (Morales and Simon, 1996), as a cut flower (Dole and Wilkins, 1999), 
essential oil production (Wogiatzi et al., 2011), and as a culinary herb (Simon et al., 
1999). Of these uses, basil is most commonly utilized as a culinary herb (Brown, 1991). 
Sweet basil (O. basilicum) is the most commonly cultivated basil species for culinary use, 
though lemon basil (O. ×citriodorum), and holy basil (O. tenuiflorum) are also produced 
for consumption and use in cooking, resulting a demand for fresh basil year-round (Wolf, 
2005). 
 
Basil Diversity 
Most basil species can cross readily, resulting not only in interspecific 
hybridization, but confusion in taxonomic classifications as well (Darrah, 1974; Harley et 
al., 1992; Nation et al., 1992; Paton and Putievsky, 1996). The most prevalent 
interspecific hybrid is O. ×citriodorum (lemon basil), a cross between O. basilicum 
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(sweet basil) and O. americanum (lemon basil) (Tucker and DeBaggio, 2009). Cultivars 
of sweet, lemon, and holy basil vary greatly with those of sweet basil being the most 
diverse (Tucker and DeBaggio, 2009). Varieties thyrisiflora (thai) and minimum (bush) 
have unique characteristics including differing flavors and morphology respectively. 
Some cultivars of sweet basil contain a heavy lemon flavor and may have O. 
×citriodorum in their lineage (Vieira et al., 2003). Sweet lemon cultivars have a lemon 
flavor and scent while holy basil has a unique scent. Commonly, sweet basil cultivars are 
green, but some are purple. However, purple pigmentation from increased anthocyanin 
content may reduce growth compared to green-leaved cultivars (Phippen and Simon, 
1998). Plants with elevated anthocyanin concentrations generally do not grow at the same 
rate as similar green-leaved cultivars (Boldt, 2013). While purple basil has an ornamental 
appeal due to its foliage color, other cultivars such as ‘Cardinal’ have been selected for 
ornamental, red flowers (Dudai et al., 2002). Cultivars have been selected for many 
purposes including fresh and dry yield, essential oil yield, and disease resistance. For 
example, ‘Nufar’ was bred to be resistant to fusarium wilt (Fusarium oxysporum f.sp. 
basilicum), a common problem in basil production (Dudai et al., 2002).  
The distinctive basil flavor is characterized by aroma compounds (Simon et al., 
1999) including linalool, a compound found in nearly every species of basil, and other 
aroma compounds that vary with flavor type. The flavors of sweet, large-leaf, purple, and 
bush basils partially come from methylchavicol and 1,8-cineole, while thai, cinnamon, 
and lemon basil have higher methylchavicol, methylcinnamate, and citral content, 
respectively, in addition to linalool. Unlike other basil cultivars, the major aroma 
compound in holy basil is β-caryophyllene, not linalool, giving it a unique flavor. 
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There are several factors influencing the growth and development of hydroponic 
basil. The type of production dictates how much we can manipulate some of the 
parameters affecting growth. For example, greenhouse production enables the producer to 
manipulate light, temperature, nutrition, and moisture more than outdoor field production. 
If we change light, temperature, nutrition, and moisture, how does this affect basil 
growth? 
 
Hydroponic Production 
There are three main categories of basil production: field, container, and 
hydroponic. Research has been conducted on field and container production (Sifola and 
Barbieri, 2006), yet there are areas of hydroponic basil production yet to be explored. 
There are several hydroponic systems frequently employed in greenhouse production of 
food crops including dutch buckets, slab and bag culture, nutrient film technique (NFT), 
and deep flow technique (DFT; Dan Fenneman, 2013). The two most prevalent types of 
hydroponic systems used for leafy crops such as basil are NFT and DFT systems (Al-
Maskri et al., 2010; Jensen, 2002; Thompson et al., 1998). Lennard and Loenard (2006) 
reported that DFT systems produced 0.34 kg∙m−2 more lettuce (Lactuca sativa) than NFT 
systems in aquaponic production. We found no other published information directly 
comparing DFT and NFT for leafy crop production. 
One of advantage of an NFT system is the reduced volume of nutrient solution 
required relative to the area of plant production. This reduces the energy required to heat 
the nutrient solution in the winter months if desired (Thompson et al., 1998). 
Additionally, troughs in NFT systems are usually placed at heights that are comfortable 
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for greenhouse employees to access for transplanting and harvesting. Disadvantages 
include the possibility of increased leaking due to more extensive plumbing and the 
constant reliance on pumps for water supply; although recirculation and agitation of the 
nutrient solution is also advantageous in that it may help oxygenate the water (Frantz and 
Welbaum, 1998). Hydroponic DFT systems commonly have multiple polystyrene foam 
sheets floating on the nutrient solution surface forming a raceway. The nutrient solution 
in DFT systems creates a near frictionless conveyor belt for the floating beds (Jensen and 
Collins, 1985). In DFT systems, plants can be transplanted at one end of the raceway and 
harvested at the other end, thus reducing labor costs. A passive water supply also negates 
the dependency on pumps for water recirculation. While there is less extensive plumbing 
than a NFT system, the location of plants is not at a level comfortable for greenhouse 
employees. A NFT system may be more useful for crops requiring more access, such as 
fresh cut herbs with successive harvests, whereas a DFT system may be more useful for 
crops with a single harvest. The decision of which type of hydroponic production system 
to employ should be based on plant growth and functionality of systems. 
 
Light 
Light is one of the primary factors influencing yield of crops and managing 
photosynthetic light can be a means to increase productivity (Beaman et al., 2009; 
Blanchard and Runkle, 2011). The daily light integral (DLI) is the cumulative 
photosynthetic light during a 24-h period. Daily light integral is commonly used because 
instantaneous light varies over the course of a day. Though commercial hydroponic 
production is utilized year-round, it is popular in the winter when produce cannot be 
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grown outside. During this time of year, the outdoor photosynthetic DLI is low, and 
greenhouse glazings and superstructure cause further reduction in ambient light (Hanan, 
1998; Korczynski et al., 2002). Increasing DLI increases mass for many plants and also 
enhances leaf mass and branch development (Faust et al., 2005; Gaudreau et al., 1994; 
Kitaya et al., 1998). 
Researchers have conducted experiments determine the influence of varying light 
intensities on basil. Beaman et al. (2009) reported that edible biomass of ‘Genovese’, 
‘Italian Large Leaf’, and ‘Nufar’ sweet basil was greatest under a photosynthetic photon 
flux (PPF) of 500 µmol∙m−2∙s−1 indicating that basil is a high-light crop and 
photosynthetic light impacts yields. Chang et al. (2008) reported that increasing DLI by 
19.6 mol∙m−2∙d−1 resulted in an increase of 2.5 branches per plant. The effect of light on 
height of basil is less consistent across studies (Chang et al., 2008; Beaman et al., 2009). 
Beaman et al. (2009) found that sweet basil grown under a photosynthetic photon flux 
(PPF) of 300 or 400 µmol∙m−2∙s−1 were shorter than plants grown under 500 or 600 
µmol∙m−2∙s−1. Alternatively, Chang et al. (2008) found that sweet basil height increased 
from 10.6 cm to 21.0 cm as DLI increased from 5.2 to 24.9 mol∙m−2∙d−1. Together, we 
can conclude that light has a large impact on the growth of basil.  
 
Air Temperature 
While light strongly influences the growth of plants, temperature is a primary 
determinant of plant development (Lopez and Runkle, 2004; Moccaldi and Runkle, 
2007). The base temperature (Tb) is the temperature below which plant development 
ceases. As temperatures increase above Tb, the rate of development increases to a 
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maximum value at the optimal temperature (Topt). As temperatures increase above Topt, 
the rate of development decreases until a maximum temperature (Tmax) is reached, above 
which plants die (Roberts and Summerfield, 1987).  
Air temperature is commonly manipulated by producers and is dependent on 
many factors including the crop finishing dates, desired size and quality, crop production 
stage, cost of heating systems and fuel, environmental controls, time of year, and 
greenhouse type and location. Modeling plant responses can be useful to provide 
decision-support tools for producers. Several air temperature models have been 
developed to assist in scheduling the flowering of crops (Fisher et al., 1996; Moccaldi 
and Runkle, 2007; Torres and Lopez, 2011), as well as predicting the rate of vegetative 
growth and development such as leaf unfolding rate, plant height, number of branches, 
and shoot and root dry mass (Kaczperski et al., 1991; Karlsson and Heins, 1992; Lopez 
and Runkle, 2004). Marketing containerized or hydroponically grown basil is not related 
to flowering, but rather the mass and size of the plant. Therefore, predictive models for 
growth and development in response to temperature would be useful. Chang et al. (2005) 
evaluated the growth of basil at different temperatures, but the study only evaluated three 
temperatures, an insufficient quantity to model growth. Other researchers have modeled 
temperature of basil growth, but they did not have well-controlled temperature treatments 
or focused on the effect of differential temperature, not average daily temperature. 
(Caliskan et al., 2009; Fraszczak et al., 2011). Certainly, more research is needed to 
develop predictive models for basil growth. 
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Nutrient Solution 
Nutrient solutions can influence plant growth, appearance, nutritional value, and 
shelf life of basil (De Pascale et al., 2006). The EC is monitored and adjusted frequently 
for hydroponic culture in water-based systems such as NFT and DFT. Many researchers 
have conducted experiments on basil to help determine proper ratios of essential elements 
for adequate plant growth (Bugbee, 2004). Research on basil production outdoors in 
fields or greenhouse production in containers has reported that increasing nitrogen (N) 
fertilization increases shoot mass (Biesiada and Kuś, 2010; Golcz et al., 2006, 
Nurzyn´ska-Wierdak et al., 2012; Sifola and Barbieri, 2006). However, nutrient 
management for closed-loop hydroponic culture is distinctly different. 
Limited researchers have studied nutrient solutions for basil grown in closed-loop 
systems. Suh and Park (1997) conducted an experiment to determine the optimal EC for 
sweet, opal, and bush basil grown hydroponically, and found that fresh mass per plant 
increased with decreasing EC. For example, sweet basil mass increased by 181 g per 
plant as the EC decreased from three times the base solution to one half times the base 
solution. This absence of EC effect on mass contrasts with previous field and container 
research which showed an increase in shoot mass with increased N fertilization (Biesiada 
and Kuś, 2010; Golcz et al., 2006, Nurzyn´ska-Wierdak et al., 2012; Sifola and Barbieri, 
2006). This may be due to the greater availability of nutrients in hydroponic production 
compared to field and container production. Increasing N fertilization has also been 
known to have mixed effects on height and branching in basil. Nurzyn´ska-Wierdak et al. 
(2012) found height decreased and branching increased with increasing N, whereas Sifola 
and Barbieri (2006) found that increasing N had no effect on height. Clearly, more insight 
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into managing nutrient solution EC for recalculating hydroponic culture of basil is 
needed. 
 
Planting Density 
One of the easiest ways to increase yield is to use high-density spacing. 
Researchers have provided planting density recommendations for many plants including 
herbs such as thyme (Thymus vulgaris), hyssop (Hyssopus officinalis) (Khazaie et al., 
2008), and basil (Sadeghi et al., 2009) in field production. Factors such as yield and 
disease incidence should be taken into consideration when choosing plant density 
(Garibaldi et al., 2007). Optimal plant density may also be influenced by greenhouse 
environmental factors that affect plant growth such as temperature and light intensity 
(Chang et al., 2005; Beaman et al. 2009).  
In field basil production, increasing plant density from 50 to 150 or 200 plants per 
m
2
 resulted in an increase in yield of 12 to 39 g∙m2 (Sadeghi et al., 2009). Miceli et al. 
(2003) determined that increasing plant density from 226 plants per m
2
 to 593 plants per 
m
2
 increased yield by ~1 kg∙m2. Additionally, Maboko and Plooy (2013) determined 40 
plants per m
2
 was the best density for basil harvested multiple times during low-light 
seasons. These results are similar to research reporting that highest densities resulted in 
the greatest yield per m
2
. However, increased planting densities may increase disease 
incidence (Garibaldi, 2007). Therefore, additional data is needed to determine optimal 
plant densities for basil grown hydroponically. 
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Conclusions 
Many factors influence the growth of basil. While there is a demand for locally 
produced fresh basil, growing recommendations are unclear. This research aims to 
quantify productivity and characterize growth and development of basil cultivars, 
compare production systems, quantify the effect of nutrient solution EC, DLI, and plant 
density on hydroponically produced basil and quantify the effect of air temperature on 
basil growth and development. 
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CHAPTER 2. HYDROPONIC GREENHOUSE BASIL PRODUCTION: 
COMPARING SYSTEMS AND CULTIVARS 
A paper published in HortTechnology 25:645−650 
Kellie J. Walters and Christopher J. Currey 
 
 
Abstract 
Basil (Ocimum sp.) is the most popular fresh culinary herb. However, there is a 
lack of data characterizing the effect of hydroponic production systems and cultivars on 
the yield of hydroponically produced basil. Our objectives were to quantify productivity 
and characterize growth of basil cultivars grown in two hydroponic production systems. 
Thirty-five basil cultivars, including selections of sweet basil (O. basilicum), holy basil 
(O. tenuiflorum), lemon basil (O. ×citriodorum and O. basilicum) were chosen. Seedlings 
were transplanted into nutrient film technique (NFT) or deep flow technique (DFT) 
systems and grown for 3 weeks. There was no interaction between basil cultivars and 
hydroponic production system. Fresh weight of plants grown in DFT systems was 2.6 g 
greater compared to plants grown in NFT systems. Basil cultivars differed greatly in fresh 
weight. In general, holy, lemon, and sweet basil cultivars produce moderate to high fresh 
weight, but vary greatly. Dissimilarly, bush (O. basilicum var. minimum), cinnamon (O. 
basilicum), large-leaf (O. basilicum), and thai basils (O. basilicum var. thyrisiflorum) 
produce moderate fresh weight and purple basil (O. basilicum) cultivars produce the least 
fresh weight. The yield of basil seems to be affected more by cultivar selection than 
hydroponic production system. Therefore, hydroponic basil producers should select basil 
cultivars based on flavor and yield, while hydroponic systems should be selected based 
on operational preferences. 
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Introduction 
 Basil is a popular genus in the mint family (Lamiaceae) with more than 30 species 
currently identified (Simon et al., 1999) and a constantly increasing number of cultivars 
(Paton, 1992). Basil species and cultivars vary widely in their characteristics, such as 
flavor, plant appearance, and architecture. There are several uses for basil, including 
essential oil production (Wogiatzi et al., 2011), use as an ornamental plant in landscapes 
(Morales and Simon, 1996) and as a cut flower (Dole and Wilkins, 2005), and as a 
culinary herb (Simon et al., 1999). Among these different uses, basil is most commonly 
utilized as a culinary herb (Simon et al., 1999). Sweet basil is the most commonly 
cultivated basil species for culinary use, though lemon basil and holy basil are also 
produced for consumption and use in cooking (Juntachote et al., 2006; Morales and 
Simon, 1997).  
Culinary basil can be grown outdoors or in controlled environments. While the 
demand for fresh produce such as basil has increased (Wolf et al., 2005), year round 
production in colder climates is only possible in controlled environments. Research has 
been conducted on field production of basil (Sifola and Barbieri, 2006), but there are 
areas of hydroponic greenhouse basil production yet to be fully researched. There are 
several hydroponic systems frequently employed in greenhouse production of various 
food crops including dutch buckets, slab and bag culture, nutrient film technique (NFT), 
and deep flow technique (DFT) (Fenneman, 2013). The two most prevalent types of 
hydroponic systems used for leafy crops such as basil are NFT and DFT systems. 
(Fenneman, 2013; Hochmuth and Cantliffe, 2014; Jensen, 2002; Morgan, 2005) 
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We have found no peer-reviewed research quantifying the growth of numerous 
basil species and cultivars produced in different hydroponic systems. Similarly, we have 
found no research comparing NFT and DFT systems for basil production. This 
comparison could be useful tool to aid hydroponic producer’s decision-making process. 
The objectives of our research were to quantify and characterize growth of basil species 
and cultivars grown in NFT and DFT hydroponic systems.  
 
Materials and Methods 
Basil Cultivar Selection 
Seeds of 35 cultivars of basil, which represented several species, were obtained 
from several sources (Table 1). Although additional cultivars were available, we judged 
them impractical for commercial hydroponic use because of excessive compact growth, 
short stem length, small leaf size, and low productivity.  
 
Propagation  
Multi-seed 162-cell phenolic-foam propagation cubes (Oasis
® 
Horticubes
®
 XL; 
Smithers-Oasis, Kent, OH) were hydrated with deionized water. Seeds were individually 
sown into each cell and flats were placed in a growth chamber (E-41L; Percival 
Scientific, Perry, IA) with a constant air temperature of 24 °C and a photosynthetic 
photon flux (PPF) of 250 µmol∙m−2∙s−1 provided by florescent lamps for 16 h per day. 
Seeds were irrigated once daily with deionized water until radical emergence, then 
seedlings were irrigated daily with deionized water supplemented with 100 ppm nitrogen 
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(N) provided from a complete, balanced, water-soluble fertilizer (Jack’s Hydro FeED 
16N−1.8P−14.3K; JR Peters, Allentown, PA). 
 
Hydroponic Systems  
Two weeks after sowing, seedlings were transplanted into either NFT or DFT 
hydroponic systems. Each NFT system consisted of four troughs that were 4 inch wide, 2 
inch tall, and 80 inch long (GT50-612, FarmTek, Dyersville, IA) with a 3% slope. 
Nutrient solution was held in a 40-gal reservoir (Premium Reservoir; Botanicare, 
Chandler, AZ) and was delivered to troughs with a submersible water pump (Active 
Aqua 33 Watt pump, Hydrofarm; Grand Prairie, TX) resulting in a flow of ~1 L∙min−1 
per trough. Plants were placed in 3.5 cm diameter holes cut into the top of the NFT 
troughs allowing the base of the phenolic foam to rest on the bottom of the trough. The 
DFT systems consisted of a 3 ft wide, 6 inch tall, and 6 ft long tray with a 60 gal capacity 
(3×6 ID Tray White; Botanicare) and a 1.5 inch thick polystyrene foam sheet floating on 
the nutrient solution. Baskets were placed in 3.5 cm diameter holes in the polystyrene 
foam, and seedlings were placed in the baskets so the phenolic foam was in contact with 
the nutrient solution. In both systems, plants were spaced 8 inch apart. Each system 
contained one plant of each of the 35 cultivars. 
 
Greenhouse Culture  
Hydroponic systems were in a glass-glazed greenhouse (Ames, IA; lat. 42.0 °N) 
with radiant hot-water heating and fog cooling controlled with an environmental control 
system (ARGUS Titan; ARGUS Control Systems, Surrey, BC, Canada). The greenhouse 
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air temperature set point was 23 °C with ambient PPF supplemented with 180 
µmol∙m−2∙s−1 between 0600 and 2200 HR provided by high-pressure sodium lamps (PL 
3000; P.L. Light Systems, Beamsville, ON, Canada) when greenhouse light intensities 
were below 175 µmol∙m−2∙s−1. The PPF and air temperature were measured with a 
quantum sensor and temperature probe in a naturally aspirated radiation shield, 
respectively, connected to a datalogger (Watchdog 2475 Plant Growth Station; Spectrum 
Technologies, Aurora, IL). The mean daily temperature and light intensity were 23.8 ± 
1.1 °C and 308 ± 119 µmol∙m−2∙s−1, respectively, throughout the experiment (Table 2).  
The nutrient solution consisted of deionized water and 16N−1.8P−14.3K fertilizer 
(Jack’s Hydro FeED; JR Peters, Allentown, PA). Electrical conductivity (EC) and pH 
were measured daily with a pH/EC probe (HI 981504 pH/TDS/Temperature Monitor; 
Hanna Instruments, Woonsocket, RI). The EC was maintained at 1.6 dS∙m−1 by adding 
deionized water and concentrated nutrient solution, while the pH was adjusted to 6.0 ± 
0.2 using potassium carbonate (pH Up; General Hydroponics, Sebastopol, CA) and a 
combination of phosphoric and citric acid (pH Down; General Hydroponics). The 
nutrient solution was constantly aerated with one 6 inch long air stone per 10 gal of 
nutrient solution (Active Aqua air stone 6”; Hydrofarm) attached to a 110-L air pump 
(Active Aqua; Hydrofarm). The oxygen concentration in the nutrient solution was 
measured daily with a dissolved oxygen meter (HI 9147; Hanna Instruments, 
Woonsocket, RI) and was 8.3 ± 0.2 ppm.  The nutrient solution was continuously 
circulated through a heater/chiller unit (SeaChill TR-10; TECO, Terrell, TX) to maintain 
a water temperature of 22.5 ± 0.5 °C. 
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Data Collection and Calculation  
After 3 weeks, growth was assessed. Height of the main stem and node number 
were recorded to determine average internode length (height ÷ node number). Number of 
branches (>2.5 cm) was counted and the width at the widest point and length of the 
second most mature leaf was measured. Leaf index (LI) was calculated by using the 
formula for area of an ellipse (LI = length × width × 0.8) (Cochran and Fulcher, 2013). 
Plants were severed at the surface of the foam cubes and fresh weight was immediately 
recorded. Shoots were weighed after drying in a forced-air oven maintained at 67 °C for 3 
d. 
 
Experimental Design and Statistical Analyses  
The experiment was organized in a randomized complete block design in a 
factorial arrangement with 10 hydroponic systems (replicates) per system type with one 
plant per cultivar in each replicate. Factors were hydroponic system (2 levels) and 
cultivar (35 levels). Analyses of variance (ANOVA) and mean separation by Tukey’s 
honestly significant difference test at P ≤ 0.05 were performed on all data by using JMP 
v. 11 (SAS Institute, Cary, NC). The experiment was run twice; for clarity, results from 
the second run are presented. 
The first run of the experiment was nearly identical to the second run. The 
greenhouse production time was 4 weeks compared to 3 weeks in the second run. The 
environmental conditions are reported in Table 2. 
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Results 
Growth and development were affected by either cultivar or hydroponic 
production system (Table 3). There was no interaction between production system and 
cultivar. Production system affected fresh weight, dry weight, height, and internode 
length, but had no effect on node number, LI, or branch number (Table 3). Fresh weight 
for plants grown in DFT systems was 27.0 g compared to 24.4 g for plants grown in NFT 
systems (data not shown). Dry weight followed a similar trend, with an increase from 2.0 
to 2.2 g for plants grown in DFT systems compared to those grown in NFT systems. 
Heights of plants grown in DFT systems were taller (15.4 cm) than of plants grown in 
NFT systems (14.6 cm) (data not shown). There was no difference between NFT and 
DFT systems in the first run of this experiment (Table 4).  
Cultivar affected each parameter of growth and development measured (Table 3). 
Fresh weight varied from 58.1 g (‘Mrs. Burns Lemon’) to 4.2 g (‘Amethyst Improved’) 
(Table 1). Sweet basil cultivars had the greatest variability in fresh weight ranging from 
Emily (15.0 g) to Italian Large Leaf (50.6 g) (Table 1). Nearly every purple basil cultivar 
had lower weight when compared to sweet basil with weights ranging from 4.2 to 31.5 g. 
Most thai, cinnamon, and bush basil had similar fresh weights, with ‘Cinnamon’ being 
the heaviest at 30.0 g and ‘Christmas’ the lightest at 15.9 g. For lemon basil, ‘Mrs. Burns 
Lemon’ produced the greatest fresh weight (58.1 g) while ‘Lemon’ produced the least 
(26.5 g). Trends in dry weight were similar to that of fresh weight. Dry weight varied 
from 4.7 g (‘Holy’) to 0.3 g (‘Amethyst Improved’). 
Node number varied with cultivar (Table 1). Cultivars producing the highest 
number of nodes included the sweet basil cultivar Dwarf Bush (7.5 nodes), bush basil 
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cultivars Spicy Globe (7.4 nodes), and Summerlong (7.5 nodes), lemon basil cultivar 
Mrs. Burns Lemon (7.6 nodes), and holy basil cultivar Holy (6.9 nodes). The fewest 
nodes were observed on the sweet basil cultivars Emily and Genovese Compact (4.6 and 
4.6 nodes), large-leaf basil cultivar Lettuce Leaf (3.8 nodes), and on purple basil cultivars 
Amethyst Improved, Crimson King, and Purple Ruffles (3.9, 4.0, 4.0 nodes).  
Height and internode length varied across cultivars (Table 1). ‘Aromatto’, ‘Mrs. 
Burns Lemon’, ‘San Romeo’, and ‘Sweet Dani’ were the tallest cultivars with heights of 
26.4, 28.6, 26.1, and 27.7 cm, respectively. Alternatively, ‘Amethyst Improved’, 
‘Crimson King’, and ‘Purple Ruffles’ were the shortest cultivars with 6.2, 6.8, and 7.0 cm 
tall plants, respectively. Internode lengths ranged from ‘San Remo’ sweet basil with the 
longest internode length (4.2 cm) to ‘Summerlong’ bush basil having the shortest (1.1 
cm).  
The branch number and the LI differed across cultivars (Table 1). Cultivars with 
the largest number of branches included Holy, Mrs. Burns Lemon, and Summerlong with 
11.2, 11.4, and 11.2 branches respectively. Alternatively, ‘Amethyst Improved’, 
‘Crimson King’, and ‘Lettuce Leaf’ had no branches. Bush, holy, lemon, and thai basil 
cultivars had similar branch numbers (8.9 to 11.4) with the exception of Sweet Dani (7.6) 
and Sweet Thai (4.9). Cinnamon basil cultivars had between 2.5 (Cardinal) and 6.5 
(Cinnamon) branches. Cultivars with the highest LI included Lettuce Leaf and 
Napoletano at 62.7 and 81.0. Other cultivars ranged in LI from 8.2 to 39.9 with bush basil 
cultivars Spicy Globe and Summerlong having the lowest LI at 4.9 and 2.8 respectively. 
All cinnamon, holy, lemon, purple and thai basil cultivars had similar LI.  
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Discussion 
The most common types of hydroponic systems used for leafy crop production are 
NFT and DFT systems (Fenneman, 2013; Hochmuth, 2014; Jensen, 2002; Morgan, 
2005). However, we have found little published information directly comparing DFT and 
NFT for leafy crop production. Lennard and Loenard (2006) reported that DFT systems 
produced 0.34 kg∙m−2 more lettuce (Lactuca sativa L.) than NFT systems in aquaponic 
production. In the first run of this experiment, there was no difference between NFT and 
DFT systems, while in the second run there was a difference in fresh weight of 2.6 g per 
plant (Table 3). The differences in basil growth between the two systems may not be 
commercially significant to producers. Rather, hydroponic production systems should be 
chosen based not only plant growth, but also factors such as usability and input 
requirements. 
One of advantage of NFT systems is the reduced volume of nutrient solution 
required relative to the area of plant production. This reduces the energy required to heat 
the nutrient solution in the winter months if desired (Thompson et al., 1998). 
Additionally, troughs in NFT systems are usually placed at heights that are comfortable 
for greenhouse employees to access for transplanting and harvesting. Disadvantages 
include the possibility of increased leaking due to more extensive plumbing and the 
constant reliance on pumps for water supply; although recirculation and agitation of the 
nutrient solution is also advantageous in that it may help oxygenate the water (Frantz and 
Welbaum, 1998). While the DFT systems used in this study contained a single raft, DFT 
systems commonly have multiple polystyrene foam sheets floating on the nutrient 
solution surface forming a raceway. The nutrient solution in DFT systems creates a near 
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frictionless conveyor belt for the floating beds (Jensen and Collins, 1985). In DFT 
systems, plants can be transplanted at one end of the raceway and harvested at the other 
end, thus reducing labor costs. A passive water supply also negates the dependency on 
pumps for water recirculation. While there is less extensive plumbing than a NFT system, 
the location of plants is not at a level comfortable for greenhouse employees. A NFT 
system may be more useful for crops requiring more access, such as fresh cut herbs with 
successive harvests, whereas a DFT system may be more useful for crops with a single 
harvest. The decision of which type of hydroponic production system to employ should 
be based on plant growth and functionality of systems. 
Though not quantified in this study, one consideration in selecting basil cultivars 
is the desired flavor. The distinctive basil flavor is characterized by aroma compounds 
(Simon et al., 1999) including linalool, a compound found in nearly every species of 
basil, along with other aroma compounds. For example, the flavors of sweet, large-leaf, 
purple, and bush basils partially come from methylchavicol and 1,8-cineole, while thai, 
cinnamon, and lemon basil have higher methylchavicol, methylcinnamate, and citral 
content, respectively. Unlike other basil cultivars in this experiment, the major aroma 
compound in holy basil is β-caryophyllene, not linalool, giving it a unique flavor. 
In addition to flavor, basil cultivars should be selected based on their growth and 
productivity. The fresh and dry weight of basil varied widely across the cultivars in this 
study (Table 1). In general, sweet and lemon basil cultivars produce moderate to high 
fresh weight, but vary greatly. In contrast, bush, cinnamon, large-leaf, and thai basils 
produce moderate fresh weight and purple basil cultivars produce the least fresh weight. 
Nearly every purple basil cultivar had less fresh weight and had fewer nodes than sweet 
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basil cultivars. The reduction in growth of purple basil is likely due to the increased 
anthocyanin content (Phippen and Simon, 1998), as plants with elevated anthocyanin 
concentrations generally do not grow at the same rate as similar green-leaved cultivars 
(Boldt, 2013). Increasing plant density through double-seeding plants and/or decreasing 
spacing may increase yield of purple basil per unit area. While ‘Aromatto’ had high fresh 
weight, we believe this may be attributed to excessive stem growth, not foliage 
production.  
Hydroponic basil producers may want to select basil cultivars with certain growth 
or morphological characteristics in addition to flavor and yield (Table 1). These factors 
influence the structure of a plant. Cultivars that are tall with long internode lengths and 
small LIs may tend to fall over during production, while short cultivars with high 
branching and small internode lengths and LIs may be stable and well suited for potted 
production. A combination of these factors is used in selecting cultivars for hydroponic 
production. A plant that can stand upright with a large leaf to stem ratio is ideal whether 
the plant has few large leaves or many small leaves. For example, ‘Aromatto’ and ‘San 
Remo’ were tall with long internode lengths and fell over throughout production. 
Alternatively, bush basil cultivars were highly branched and compact with small leaves, 
resulting in a plant better-suited for production and marketing in containers than fresh-cut 
hydroponic herb production. Although cultivars such as ‘Italian Large Leaf’ and ‘Mrs. 
Burns Lemon’ were tall, they had shorter internode lengths and either greater branching 
or larger leaves resulting in a plant well-suited for hydroponic production. This study 
used a single harvest production scheme. Morphological characteristics, such as 
branching, may differ in production schemes were shoots are harvested multiple times. 
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In addition to the parameters measured, some cultivars have other unique 
characteristics that may be desirable to producers. For example, ‘Cardinal’ has a lower 
fresh yield, but was selected for its ornamental flowers (Dudai et al., 2002). Additionally, 
‘Nufar’ not only produced greater yields, but is also resistant to fusarium wilt (Fusarium 
oxysporum f.sp. basilicum), a common problem in basil production (Dudai et al., 2002). 
This comprehensive review of cultivars in hydroponic systems facilitates cultivar 
selections that fit the goals of the producer.  
 
Conclusions 
Though there are differences between NFT and DFT systems, cultivar has a larger 
impact on the fresh yield of basil. Therefore, hydroponic basil producers should choose 
production systems not only on yield, but also on operational preferences, while cultivars 
should be selected based on flavor, habit, and yield. Production system and cultivar 
performance may vary across different locations, greenhouse environments, and cultural 
practices. Producers are urged to conduct on-site trials to determine performance under 
their production practices. 
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Tables and Figures 
Table 1. Fresh and dry weight, nodes, height, internode length, leaf index (LI), branch number, and source of 35 different cultivars of 
basil grown hydroponically. Data were collected 3 weeks after transplanting seedlings into hydroponic systems. 
 
Cultivar 
Fresh wt 
(g)
z 
Dry wt 
(g) 
Nodes 
(no.) 
Height 
(cm)
y
 
Internode 
length (cm) 
 
LI 
Branches 
(no.) 
 
Source
x
 
 Sweet basil 
Aroma 2 30.4 d−iw   2.7 ef  6.0 e−j 23.5 b−f   3.9 a 32.6 c−f   4.9 f−h Johnny’s Selected Seeds 
Dolly 22.6 g−l   1.8 f−k  5.0 k−m 11.6 k−o   2.3 g−j 35.3 cd   1.5 k−o Johnny’s Selected Seeds 
Dwarf Bush 33.4 c−f   2.6 ef  7.5 ab 23.2 c−f   3.1 b−f   8.8 i−k   9.6 a−d Park Seed 
Emily 15.0 l−p   1.3 k−n  4.6 mn   9.6 m−r   2.0 h−k 39.6 cd   0.6 m−o Seeds of Change 
Genovese 34.3 c−e   2.6 ef  5.3 h−m 14.5 i−l   2.7 d−h 33.5 c−e   3.3 h−k Johnny’s Selected Seeds 
Genovese Compact 17.0 k−n   1.4 k−m  4.6 mn   9.5 m−r   2.0 i−k 39.4 cd   1.2 l−o Johnny’s Selected Seeds 
Italian Large Leaf 50.6 ab   4.2 ab   6.2 d−g 22.0 c−g   3.5 a−c 32.6 c−f   6.1 ef Johnny’s Selected Seeds 
Nufar 43.7 bc   3.6 b−d  6.3 d−f 15.7 h−k   2.5 f−i 31.8 c−g   4.0 g−i Johnny’s Selected Seeds 
Plenty 29.6 d−j   2.3 e−j  5.3 i−m 11.5 k−o   2.2 h−k 38.1 cd   2.5 i−m Burpee 
3
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Table 1. continued 
San Remo 35.5 c−e   3.0 c−e  6.3 d−g 26.1 a−d   4.2 a 26.3 d−h   5.0 f−h Burpee 
Super Sweet Chen 33.1 d−f   2.6 ef  5.6 f−l 14.3 j−l   2.5 e−i 39.9 c   3.5 h−k Seeds of Change 
Superbo 22.1 h−l   1.8 f−k  5.3 i−m 15.3 h−l   2.9 c−g 38.8 cd   2.1 i−n Johnny’s Selected Seeds 
Sweet 20.6 i−m   1.7 g−l  5.3 i−m 13.5 j−m   2.6 d−i 37.7 cd   1.9 j−o Burpee 
 Purple basil  
Amethyst Improved   4.2 q   0.3 o  3.9 n   6.2 r   1.6 kl 18.0 h−j   0.0 o Johnny’s Selected Seeds 
Aromatto 31.5 d−h   2.5 e−h  6.5 de 26.4 a−c   4.0 a 20.1 f−i   5.7 e−g Seeds of Change 
Crimson King   4.6 pq   0.4 no  4.0 n   6.8 qr   1.7 j−l 20.1 f−i   0.0 o Park Seed 
Dark Opal 10.6 n−q   0.8 l−o  5.2 k−m    9.1 m−r   1.8 j−l 12.9 i−k   1.0 m−o Johnny’s Selected Seeds 
Osmin 15.1 l−o   1.1 k−o  6.5 de 14.4 j−l   2.2 g−k 13.1 h−k   3.1 h−l Park Seed 
Purple Ruffles   5.1 o−q   0.4 no  4.0 n   7.0 p−r   1.7 j−l 21.3 e−i   0.1 no Johnny’s Selected Seeds 
Red Rubin   9.9 n−q   0.7 m−o  5.2 j−m   8.7 n−r   1.6 j−l 15.6 h−k   0.4 no Johnny’s Selected Seeds 
Round Midnight 13.2 l−q   0.9 k−o  6.1 d−h 13.1 k−n   2.1 h−k 12.8 i−k   3.2 h−l Burpee 
 Large-leaf basil 
3
6
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Table 1. continued  
Lettuce Leaf 20.6 i−m   1.5 j−m  3.8 n   7.6 o−r   1.9 i−k 62.7 b   0.0 o Park Seed 
Napoletano 34.9 c−e   2.5 e−h  4.8 lm   9.3 m−r   1.9 i−k 81.0 a   0.2 no Johnny’s Selected Seeds 
 Cinnamon basil  
Cardinal 17.6 k−n   1.5 i−m  5.3 i−m   9.4 m−r   1.8 j−l 18.5 g−i   2.5 i−m Park Seed 
Christmas 15.9 l−n   1.3 k−n  5.5 g−l 11.2 l−q   2.0 i−k 13.1 h−k   3.9 g−j Johnny’s Selected Seeds 
Cinnamon 30.0 d−i   2.5 e−h  6.3 d−f 19.3 e−h   3.0 c−f 20.0 f−i   6.5 ef Park Seed 
 Thai basil 
Siam Queen 26.9 e−k   2.3 e−j  6.7 c−e 10.9 l−q   1.6 j−l 16.0 h−k   4.9 f−h Park Seed 
Sweet Thai 23.5 f−l   2.4 e−i  5.7 f−k 17.8 g−j   3.2 b−f   8.2 i−k   9.3 b−d Johnny’s Selected Seeds 
 Bush basil  
Spicy Globe 21.6 h−l   1.6 h−m  7.4 a−c 11.5 k−p   1.6 j−l   4.9 jk   8.9 cd Johnny’s Selected Seeds 
Summerlong 19.4 j−n   1.5 i−m  7.5 ab   8.3 o−r   1.1 l   2.8 k 11.2 ab Burpee 
 Holy basil 
Holy 50.6 ab   4.7 a  6.9 a−d 21.9 d−g 3.2 b−e 19.2 g−i 11.2 ab Seeds of Change 
3
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Table 1. continued         
 Lemon basil  
Lemon 26.5 e−k   2.6 e−g  6.0 e−i 18.9 f−i 3.2 b−f   9.4 i−k   9.4 a−d Seeds of Change 
Lime 39.7 cd   3.9 a−c  6.6 de 21.4 e−g 3.2 b−d 11.2 i−k 10.6 a−c Johnny’s Selected Seeds 
Mrs. Burns Lemon 58.1 a   4.6 a  7.6 a 28.6 a 3.8 ab 18.6 g−i 11.4 a Johnny’s Selected Seeds 
Sweet Dani 32.8 d−g   2.7 d−f  6.8 b−d 27.7 ab 4.1 a 16.9 h−j   7.6 de Park Seed 
Cultivar ***
v 
*** *** *** *** *** ***  
z 
1 g = 0.0353 oz.  
y 
1 cm = 0.3937 inch. 
x  Johnny’s Selected Seeds, Fairfield, ME; Park Seed, Hodges, SC; Seeds of Change, Dominguez, CA; W. Atlee Burpee & Co., 
Warminster, PA.
 
w
 Letters indicate mean separation across cultivars by Tukey’s honestly significant difference test at P ≤ 0.05. 
v
 *** indicates significant at P ≤ 0.001. 
3
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Table 2. Average daily light integral (DLI) and daily air temperature during propagation and 
hydroponic production. 
 
Replication 
 
Date 
Light 
intensity 
(µmol∙m−2∙s−1) 
Day 
temperature 
(°C) 
Night 
temperature 
(°C) 
Average 
temperature 
(°C) 
1 3/26 – 4/23     293 ± 67      22.5 ± 1.3       20.3 ± 0.7      22.0 ± 1.0 
2 5/21 – 6/11     308 ± 119      25.0 ± 1.2       20.7 ± 1.1      23.8 ± 1.1 
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Table 3. Analyses of variance for fresh and dry weight, node number, leaf dimensions 
and plant size for 35 different basil cultivars grown in either a nutrient film technique 
or deep flow technique hydroponic system in a greenhouse. Data were collected 4 
weeks after transplanting seedlings into hydroponic systems. 
Parameter Cultivar (C) System (S) C × S  
Fresh wt ***
z 
NS NS  
Dry wt *** NS NS  
Nodes *** NS NS  
Height *** NS NS  
Leaf index *** NS NS  
Internode length *** NS NS  
Branch number *** NS NS  
z
 *** and NS indicate significant at P ≤ 0.001 or non-significant, respectively. 
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Table 4. Analyses of variance for fresh and dry weight, node number, leaf dimensions 
and plant size for 35 different basil cultivars grown in either a nutrient film technique 
or deep flow technique hydroponic system in a greenhouse. Data were collected 3 
weeks after transplanting seedlings into hydroponic systems. 
Parameter Cultivar (C) System (S) C × S  
Fresh wt ***
z 
*** NS  
Dry wt *** *** NS  
Nodes *** NS NS  
Height *** ** NS  
Leaf index *** NS NS  
Internode length *** *** NS  
Branch number *** NS NS  
z
 **, ***, and NS indicate significant at P ≤ 0.01 or 0.001 or non-significant, 
respectively. 
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Fig. 1. A nutrient-film technique (NFT) hydroponic system in the Iowa Sate University 
Horticulture research greenhouse where the research was conducted. 
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Fig. 2. A deep-flow technique (DFT) hydroponic system in the Iowa State University 
Horticulture research greenhouse. 
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Fig. 3. The genus basil includes over 30 species and a large number of cultivars, with 
foliage and flowers of several cultivars shown here. 
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CHAPTER 3.  EFFECTS OF NUTRIENT SOLUTION CONCENTRATION AND 
DAILY LIGHT INTEGRAL ON GROWTH AND NUTRIENT 
CONCENTRATION OF SEVERAL BASIL SPECIES IN HYDROPONIC 
PRODUCTION 
A paper prepared for submission to HortScience 
Kellie J. Walters and Christopher J. Currey 
 
 
Abstract 
Our objective was to quantify the effect of mineral nutrient concentration of a 
nutrient solution on the growth of basil species and cultivars grown under high and low 
photosynthetic daily light integrals (DLIs). Sweet basil (Ocimum basilicum L. ‘Nufar’), 
holy basil (O. tenuiflorum L. ‘Holy’), lemon basil (O. ×citriodorum Vis. ‘Lime’) 
seedlings were transplanted into nutrient-film technique (NFT) systems with different 
nutrient solution electrical conductivities (EC; 0.5, 1.0, 2.0, 3.0, or 4.0 dS∙m−1) in 
greenhouses with a high (~15 mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) DLIs. Most tissue 
nutrient concentrations increased with increasing EC with the exception of Mg and Ca, 
which decreased. For example, N concentrations in sweet basil increased by 0.6% to 
0.7% while Mg concentrations decreased by 0.2% as EC increased from 0.5 to 4.0 
dS∙m−1. In contrast, DLI had little effect on tissue nutrient concentration. The EC had no 
effect on growth, wheras increasing DLI enhanced growth. For example, increasing DLI 
of sweet basil resulted in an increase of 17.9 g and 1.6 g fresh and dry mass, 2.7 cm 
height, 0.8 nodes, and 2.3 branches. Therefore, producers should choose solution 
concentrations based on other species grown in the same solution or reducing fertilizer 
inputs. 
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Introduction 
Basil is a popular fresh culinary herb commonly produced outdoors (Jensen, 
2002; Simon et al., 1999). With the demand for fresh basil, year-round production in 
temperate climates is only possible in controlled environments (Succop, 1998; Wolf et al. 
2005). In controlled environments such as greenhouses, hydroponic systems are 
commonly utilized for basil production (Hochmuth, 2012).  
Nutrient solutions can influence growth, appearance, and nutritional value and 
shelf life of basil (De Pascale et al., 2006). Researchers have conducted experiments to 
determine proper ratios and concentrations of nutrients in a hydroponic solution required 
for adequate plant growth (Bugbee, 2004). Research on outdoor field or containerized 
greenhouse production of basil has reported that increasing N fertilization increases shoot 
mass (Biesiada and Kuś, 2010; Golcz et al., 2006, Nurzyn´ska-Wierdak et al., 2012; 
Sifola and Barbieri, 2006). However, we have found few reports about the effect of 
nutrient solution EC and growth of basil species.  
In addition to mineral nutrients, photosynthetic light affects growth of basil in 
controlled environments. The daily light integral (DLI) is the cumulative photosynthetic 
light during a 24-h period. This measurement is commonly used in lieu of light intensity 
due to variation in light intensity over the course of a day. Though commercial 
hydroponic production is utilized year-round, it is advantageous in the winter when 
produce cannot be grown outside in temperate climates. However, during this time of 
year, the outdoor photosynthetic DLI is low, and greenhouse glazings and superstructure 
cause further reduction in ambient light (Hanan, 1998; Korczynski et al., 2002). 
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Increasing DLI increases fresh and dry mass for many species (Faust et al., 2005; 
Gaudreau et al., 1994; Kitaya et al., 1998).  
We have found little peer-reviewed research quantifying the effect of various 
concentrations of a complete nutrient solution used in hydroponic basil production on 
plant growth and nutrient accumulation under different DLIs. Therefore, nutrient 
recommendations for hydroponic basil production under high or low DLIs are lacking. 
The objectives of our research were to quantify the effect nutrient solution concentration 
on growth and nutrient accumulation of three basil species grown under different DLIs. 
  
Materials and Methods 
Plant Material and Propagation  
Three species basil were selected, including O. basilicum ‘Nufar’ (sweet basil), O. 
tenuiflorum ‘Holy’ (holy basil), and O. ×citriodorum ‘Lime’ (lemon basil). Cultivars 
were selected to represent a range of different basil genotypes and phenotypes based on 
results from Walters and Currey (2015).  
Phenolic-foam 162-cell propagation cubes (Oasis
® 
Horticubes
®
 XL Multi-seed; 
Smithers-Oasis, Kent, OH) were placed in a plastic flat (25 cm-wide × 50 cm-long), 
hydrated with reverse-osmosis (RO) water, and allowed to drain. Two seeds were sown 
per cell after which flats were placed in a growth chamber (E-41L; Percival Scientific, 
Perry, IA) with an air temperature of 22.9 ± 0.7 °C measured every 15 s with a naturally-
aspirated temperature sensor (TMC1-HD; Onset Computer Corporation) in a solar 
radiation shield (RS3; Onset Computer Corporation). A photosynthetic photon flux 
(PPF) of 378 ± 8 µmol∙m−2∙s−1 was provided by florescent lamps for 16 h per day and 
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measured every 15 s with an amplified quantum sensor (SQ-222; Apogee Instruments, 
Logan, UT). Light intensity and air temperatures were logged every 15 min by a data 
logger (HOBO U12; Onset Computer Corporation). Seeds were irrigated once daily with 
RO water until radical emergence, after which seedlings were irrigated daily with RO 
water supplemented with 100 ppm nitrogen (N) provided from a complete, balanced, 
water-soluble fertilizer (Jack’s Hydro FeED 16N−1.8P−14.3K; JR Peters Inc., 
Allentown, PA). 
 
Hydroponic Systems  
On 21 Oct., 24 Nov., and 30 Dec. 2014, two weeks after sowing, seedlings were 
thinned to one seedling per cell and transplanted into nutrient-film technique (NFT) 
hydroponic systems. Each NFT system consisted of troughs that were 10-cm-wide, 5-cm-
tall, and 203-cm-long (GT50-612; FarmTek, Dyersville, IA) with a 3% slope. Nutrient 
solution was held in a 151-L reservoir (Premium Reservoir; Botanicare, Chandler, AZ) 
delivered to troughs by a submersible water pump (Active Aqua 33 Watt pump; 
Hydrofarm, Grand Prairie, TX) resulting in a flow of ~1 L∙min−1 per trough. Plants were 
placed in 3.5-cm-diameter holes cut into the top of the NFT troughs, allowing the base of 
the phenolic foam to rest on the bottom of the trough.  
 
Greenhouse Environment and DLI Treatments 
Five hydroponic systems were in each of two glass-glazed greenhouse bays 
(Ames, IA; Lat. 42.0 °N). Radiant hot-water heating and fog cooling were used to 
maintain an average daily temperature (ADT) of 21 ± 1 °C with actual temperatures 
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reported in Table 1. The target DLI for the low and high DLI treatments were 7 or 15 
mol∙m−2∙d−1, respectively (Table 1). A supplemental PPF of 180 ± 27 µmol∙m−2∙s−1 from 
high-pressure sodium lamps (PL 3000; P.L. Light Systems, Beamsville, ON, Canada) 
was provided between 0600 HRS and 2200 HRS to maintain identical photoperiods 
between treatments. However, between these times HPS lamps turned off when outdoor 
instantaneous light intensity fell below certain setpoints for more than 15 min. The shut-
off setpoint for the low DLI treatment was higher than the high DLI treatment. In order to 
maintain target DLIs, setpoints changed throughout each experimental replication as 
outdoor ambient PPF and day length changed. Aluminized shade cloth (XLS 15 
Revolux; Ludvig Svensson, Kinna, Sweden) was also utilized in the low DLI house to 
decrease ambient light intensity mid-day to maintain the target DLI. Shade curtains, HPS 
lamps, heating, and cooling were controlled with an environmental control system 
(ARGUS Titan; ARGUS Control Systems LTD., Surrey, BC, Canada). 
The air temperature was measured every 15 s by four temperature probes (41342; 
R.M. Young Company, Traverse City, MI) in an aspirated radiation shield (43502; R.M. 
Young Company), while the PPF was measured every 15 s by eight quantum sensors 
(LI-190SL; LI-COR Biosciences, Lincoln, NE) per greenhouse bay. Temperature probes 
and quantum sensors were connected to a datalogger (CR1000 Measurement and Control 
System; Campbell Scientific, Logan, UT) with means logged every 15 min. 
 
Nutrient Solutions  
The nutrient solution consisted of RO water, MgSO4∙7H2O, and 16N−1.8P−14.3K 
fertilizer (Jack’s Hydro FeED; JR Peters Inc.). The pH was measured daily with a pH 
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probe (HI 981504 pH/TDS/Temperature Monitor; Hanna Instruments, Woonsocket, RI) 
and adjusted to 6.0 using potassium carbonate (K2CO3, pH Up; General Hydroponics, 
Sebastopol, CA) and a combination of phosphoric and citric acid (H3PO4 and C6H8O7, pH 
Down; General Hydroponics). Electrical conductivity (EC) was measured with a 
handheld meter (HI 9813-6 Portable pH/EC/TDS Meter; Hanna Instruments) and 
adjusted to 0.5, 1.0, 2.0, 3.0, or 4.0 dS∙m−1 daily using RO water or concentrated 
16N−1.8P−14.3K fertilizer. The solution was constantly aerated with four 15-cm long air 
stones (Active Aqua air stone; Hydrofarm) per system attached to a 110-L air pump 
(Active Aqua commercial air pump; Hydrofarm). The oxygen concentration (8.3 ± 0.2 
ppm) in the nutrient solution was measured daily with a dissolved oxygen meter (HI 
9147; Hanna Instruments).  The nutrient solution was continuously circulated through a 
heater/chiller unit (SeaChill TR-10; TECO, Terrell, TX) to maintain a water temperature 
of 22.1 ± 0.5 °C. 
 
Data Collection and Calculation  
Nutrient solution samples were collected from each system before transplanting 
and after harvesting to determine starting and ending nutrient concentrations. Nitrogen 
was measured with a flow-injection analyzer (QuickChem 8500; Lachat Instruments, 
Loveland, CO). Phosphorus, K, Mg, Ca, S, Zn, Mn, Cu, Fe, and B were analyzed by 
inductively coupled plasma−optical emission spectroscopy (Optima 4300 DV; Perkin 
Elmer, Waltham, MA). 
Three weeks after transplanting, relative chlorophyll concentration was measured 
(SPAD-502; Konica Minolta, Ramsey, NJ) on the second most mature leaf, the newest 
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fully expanded leaf, and a leaf midway between those points for five plants per treatment 
per replication. Height of the main stem, node number, and branch number (>2.5 cm) 
were recorded. Plants were severed at the surface of the substrate and fresh mass was 
immediately recorded. Shoots were rinsed in RO water three times, placed in a forced-air 
oven maintained at 67 °C for 3 d, then weighed and dry mass was recorded.  
Dried shoot tissue was analyzed to determine nutrient concentrations. 
Determination of Kjeldahl nitrogen for all tissue samples began with standard digestion 
in concentrated sulfuric acid at 360 C for ~1.5 h using a Tecator 40 block digestor. The 
resultant ammonium fraction was measured a flow-injection analyzer (QuickChem 8500; 
Lachat Instruments) using a buffered salicylate-hypochlorite solution for color 
development. Determination of P, K, Ca, Mg, S, Zn, Mn, Cu, Fe, and B in all tissue 
samples began with initial digestion in concentrated nitric acid at 90 °C followed by three 
small additions of 30% hydrogen peroxide with a total time for digestion being ~1 h. 
Digested samples were filtered and analyzed by inductively coupled plasma−optical 
emission spectroscopy (Optima 4300 DV; Perkin Elmer). 
 
Experimental Design and Statistical Analyses  
For each species, the experiment was organized in a randomized complete block 
design with a factorial arrangement. The factors included nutrient solution concentrations 
(five levels) and DLIs (two levels). The experiment was replicated three times over time. 
Analyses of variance, t-test, and regression analyses were performed using JMP Version 
11 (SAS Institute Inc., Cary, NC). 
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Results 
Nutrient Solutions  
Specific mineral nutrient concentrations changed from the beginning to the end of 
the experiment (Table 2). Concentrations of N and S changed less in hydroponic systems 
in low DLI treatments than those in high DLI treatments. For example, solution N in low 
DLI treatments decreased 11 to 22 ppm while concentrations in high DLI treatments 
decreased 26 to 88 ppm from transplant to harvest. From the beginning to the end of the 
experiment solution S changed with EC and DLI. Under low DLI conditions, S 
concentrations decreased by 4 to 12 ppm, while under high DLI treatments, 
concentrations decreased by 11 to 43 ppm. As EC increased from 0.5 to 4.0, S 
concentration decreased 7 to 32 ppm from the beginning to end of the experiment. Other 
solution nutrient concentration changes analyzed were not affected by DLI or EC (data 
not shown). The N, P, Mg, Ca, S, Zn, and Mn concentrations decreased while K 
concentrations increased by 8 to 118 ppm and 35 to 141 ppm under high and low DLI 
treatments, respectively.  
 
Sweet Basil  
Plant growth of sweet basil was not affected by nutrient solution EC, but was 
affected by DLI (Tables 3 and 4). Fresh and dry mass increased by 18.0 and 1.6 g, 
respectively, while height, node number, branch number, and SPAD increased by 2.7 cm, 
2.3 branches, 0.8 nodes, and 8.4 respectively, as DLI increased. Sweet basil tissue N, K, 
Ca, Zn, Mn, Cu, Fe, and B concentrations decreased as DLI increased while P, Mg, and S 
concentrations were unaffected (Table 5). For example, tissue macronutrients N, K, and 
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Ca concentrations decreased by 0.4, 1.5, and 0.1%, respectively, as DLI increased. 
Micronutrient tissue Zn, Mn, Cu, Fe, and B concentrations decreased by 20, 28, 3, 19, 
and 7 ppm, respectively, as DLI increased (Table 5). Nutrient solution EC affected tissue 
N, P, K, Mg, Ca, S, Cu, and B concentrations, but not Zn, Mn, or Fe concentrations. 
Sweet basil tissue N concentration increased by 0.7% as EC increased from 0.5 to 4.0 
dS∙m−1 (Fig. 1). Tissue P, S, and Cu concentrations increased by 0.3%, 0.1%, and 4 ppm, 
respectively, as EC increased from 0.5 to 3.0 dS∙m−1 (Fig. 1 and 2). As EC increased 
from 1.0 to 4.0 dS∙m−1, tissue B concentration increased by 10 ppm while K 
concentration decreased by 1.3% (Fig. 2). Alternatively, as EC increased from 0.5 to 4.0 
dS∙m−1, tissue Mg concentration decreased by 0.2% and Ca concentration decreased by 
0.3% (Fig. 1). 
 
Lemon Basil 
Lemon basil growth was not affected by EC, but was affected by DLI (Tables 3 
and 4). Fresh mass increased by 12.7 g while dry mass increased by 1.4 g with increasing 
DLI. Plants grown under a high DLI were 2.2 cm taller, with 4.0 more branches, 0.8 more 
nodes, and a 10.1 greater SPAD index. Increasing DLI decreased K, Mn, Cu, and B 
lemon basil tissue concentrations by 0.5%, 27 ppm, 3 ppm, and 5 ppm, respectively, but 
did not affect other tissue nutrient concentrations (Table 5). Tissue N, P, Mg, Ca, S, Zn, 
Cu, and B concentrations were affected by nutrient solution EC, but K, Mn, and Fe were 
not. For example, as EC increased from 0.5 to 2.0 or 3.0 dS∙m−1, tissue N, P, S, and Cu 
concentrations increased by 0.7%, 0.5%, 0.1%, and 3 ppm, respectively (Fig. 1 and 3). 
Lemon basil Zn concentration increased by 11 ppm as EC increased from 0.5 to 4.0 
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dS∙m−1 while B concentration increased by 8 ppm as EC increased from 1.0 to 4.0 dS∙m−1 
(Fig. 3) Alternatively, Mg and Ca concentrations decreased by 0.4 and 0.8%, 
respectively, as EC increased from 0.5 to 4.0 dS∙m−1.  
 
Holy Basil 
Nutrient solution EC did not influence holy basil growth, but DLI did (Tables 3 
and 4). Holy basil grown under high DLI had 13.3 g more fresh mass, 1.3 g more dry 
mass, and were 3.7 cm taller. Branch and node number increased by 4.8 and 0.6, 
respectively, as DLI increased while SPAD index increased by 7.1. As EC increased from 
0.5 to 4.0 dS∙m−1, SPAD increased by 4.5 (Fig 4). As DLI increased, tissue P, K, Mn, Cu 
and B concentrations in holy basil decreased by 0.2% 0.5%, 21 ppm, 3 ppm, and 4 ppm, 
respectively, while tissue N and S concentrations increased by 0.2 and 0.07%, 
respectively (Table 5). As EC increased from 0.5 to 3.0 dS∙m−1, holy basil tissue N 
increased by 0.5% while P concentrations increased by 0.3% (Fig. 1). Tissue Zn 
concentrations increased by 45 ppm as EC increased from 0.5 to 4.0 dS∙m−1 (Fig. 5) 
while Mg and Ca concentrations deceased by 0.5 and 0.6%, respectively (Fig. 1).  
 
Discussion 
 Nutrient solution EC had no effect, while DLI had an effect, on growth and 
development. In contrast to our findings, Suh and Park (1997) conducted an experiment 
to determine the optimal EC for sweet, opal, and bush basil and found that fresh mass 
changed with EC. For example, sweet basil mass increased from 148 to 329 g as the EC 
decreased from three times the base solution to one half times the base solution. Their 
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results may differ due to a longer production time (~8.5 weeks) compared to that of a 
commercial producer (3 to 4 weeks). This lack of EC effect on mass also contrasts with 
previous field and container research which found an increase in shoot mass with 
increased N fertilization (Biesiada and Kuś, 2010; Golcz et al., 2006, Nurzyn´ska-
Wierdak et al., 2012; Sifola and Barbieri, 2006). This may be attributed to the constant 
availability of nutrients in hydroponic production compared to field and container 
production with intermittent fertilizer and water applications. We found no change in 
height or branching in response to nutrient solution EC, but increasing N fertilization has 
been reported to have mixed effects on height and branching in basil. For example, 
Nurzyn´ska-Wierdak et al. (2012) reported that height of sweet basil ‘Wala’ decreased by 
6 cm and branching increased by 0.5 branches as N increased from 0.2 to 0.9 g∙dm−3 . 
Alternatively, Sifola and Barbieri (2006) described that increasing N had no effect on 
height, similar to our findings.  
The effect of DLI on fresh and dry mass for the three basil species is consistent 
with previous research on sweet basil (Chang et al., 2008). Though Beaman et al. (2009) 
measured light intensity, they reported that edible biomass of ‘Genovese’, ‘Italian Large 
Leaf’, and ‘Nufar’ sweet basil was greatest under a PPF of 500 µmol∙m−2∙s−1. Based on 
their results and the classification of plants by light requirements, basil may be classified 
as a high-light crop, similar to our classification with a high DLI. Our results on 
enhanced branching with increasing DLI are consistent with Chang et al. (2008), who 
reported that increasing DLI by 19.6 mol∙m−2∙d−1 increased branching by 2.5 branches. 
Researchers have found mixed results on the effect of light on height of basil (Chang et 
al., 2008; Beaman et al., 2009). Beaman et al. (2009) reported that sweet basil grown 
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under a PPF of 300 or 400 µmol∙m−2∙s−1 were shorter than plants grown under 500 or 600 
µmol∙m−2∙s−1. Alternatively, Chang et al. (2008) found that sweet basil height increased 
from 10.6 cm to 21.0 cm as DLI increased from 5.2 to 24.9 mol∙m−2∙d−1. We found that 
increasing DLI increased height, while EC had no effect on height. Over all, increasing 
DLI increased the growth of all species. 
Evaluating tissue nutrient concentrations is a way to evaluate the nutrient solution 
supplied to the plant. Bryson et al. (2014) published recommended tissue concentrations 
for sweet basil mineral nutrients from plants grown outdoors in soil. While recommended 
ranges for hydroponically grown basil or for other basil species are non-existent and may 
differ from Bryson et al. (2014), we believe that these recommendations are still valuable 
for interpreting the results of our study. The N concentration of all basil grown in our 
study met or exceeded the survey range of sweet basil provided by Bryson et al. (2014). 
Sweet basil concentrations were between 4.7 and 5.9%, within the recommended 
concentration range of 4 to 6%, whereas holy and lemon basil N concentrations were 
exceeding or nearly exceeding the recommended range. Recommended P concentrations 
are 0.62 to 1.00%, but species in our study had 1.1 to 2.0% P, demonstrating that higher P 
concentrations are not detrimental to plant growth. The highest recommended K 
concentration is 2.0%, but our tissue samples had K concentrations ranging from 4.2 to 
7.6% across DLIs, ECs, and species. We believe that the increased K concentration in the 
nutrient solution (Table 2) from additions of potassium carbonate to increase pH 
contributed to the luxury consumption of K. The Mg in holy basil was within or above 
the recommended range of 0.6 to 1.0% (Bryson et al., 2014); while lemon and sweet basil 
were at or below these values, they appeared healthy and we noted no visual symptoms of 
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Mg deficiency. Though Ca concentrations declined with increasing EC, nearly all Ca 
concentrations across species and ECs were within the recommended ranges. We 
postulate that the decreasing Mg and Ca concentrations in basil may be due to the 
antagonistic relationship between K, Mg, and Ca (Dibb and Thompson, 1985; Johansen 
et al., 1968). Fageria (1983) reported that Mg and Ca uptake is diminished with 
increasing K fertilization, agreeing with the results of our study. While nearly all S and B 
tissue concentrations from this study were within the recommended ranges, our Cu 
concentrations were above recommended values. Zinc concentrations in lemon basil were 
within recommended concentrations, but holy and sweet basil Zn concentrations were 
above recommendations. Over all, most nutrients were within recommended ranges and 
all plants appeared healthy.  
Since nutrient deficiencies or toxicities were neither observed nor measured, we 
infer that sufficient concentrations of nutrients were in the nutrient solution through the 
termination of the experiment. This may be a result of a short (3 week) crop time 
combined with a small plant to nutrient solution volume ratio. Bugbee (2004) classified 
nutrients into three categories: 1) nutrients that are actively absorbed by roots and 
removed from solution quickly; 2) nutrients that are absorbed faster than water is 
removed; and 3) passively absorbed nutrients that often accumulate in solution. If 
commercial producers grow with a larger plant to nutrient solution volume ratio, and/or 
have longer crop times, the addition of specific nutrients may be necessary to avoid 
deficiencies, especially when plants are grown under low DLIs with low EC solutions.  
Developing a refill solution should take into account solution composition and 
tissue concentrations (Bugbee, 2004). For example, K concentrations increased in the 
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nutrient solution and exceeded recommended values by 2.2 to 5.6% in the plant tissue. 
Therefore, a refill solution with low K concentrations would be beneficial. The DLI can 
also affect the development of a refill solution. Under high DLIs, more N and S were 
depleted from the solution than under low DLIs resulting in a greater nutrient imbalance 
if they are not replenished at higher concentrations. Though mass increased with 
increasing DLI, there was no tissue nutrient dilution effect. Also, tissue concentrations of 
the different basil species varied slightly so a tailored nutrient solution would be ideal. To 
add refill solution, Bugbee (2004) suggests small, frequent additions of nutrients may be 
more beneficial than providing excess nutrients periodically due to the differential uptake 
of nutrients by the plant. While this is not a concern for systems with automated 
monitoring and adjustment, hand adjustments should be conducted frequently. Over all, 
there are many factors to take into consideration when developing a refill solution and the 
optimal refill solution for basil is uncertain. 
 
Conclusions 
Nutrient solution EC affected most tissue nutrient concentrations, though growth 
was unaffected and tissue concentrations were generally at or above recommended 
sufficiency ranges. Therefore, producers should choose solution concentrations based on 
other crops grown in the same solution or reducing fertilizer inputs. Refill solutions 
should not only be based on the uptake of nutrients by the plant, but also chemicals added 
to adjust pH. Growth was enhanced with increased DLI for all species. Supplemental 
lighting can be beneficial to increase DLI, thus increasing productivity, though the 
nutrient refill solution should be adjusted. Producers are urged to conduct on-site trials to 
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determine optimal nutrient solution concentrations for the cultivars and species they are 
growing in their greenhouse environment under their production practices. 
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Tables and Figures 
Table 1. Average (mean ± SD) daily light integral (DLI) and air temperature for 
hydroponic basil grown with different nutrient solution concentrations. 
 
Replication 
Target DLI 
(mol∙m−2∙d−1) 
DLI 
(mol∙m−2∙d−1) 
Air temperature 
(°C) 
1   7.0     6.7 ± 0.8 21.8 ± 0.3 
 15.0   14.5 ± 1.6 21.8 ± 0.2 
2   7.0     6.6 ± 0.9 22.0 ± 0.3 
 15.0   14.9 ± 1.2 21.6 ± 0.4 
3   7.0     7.4 ± 1.1 21.4 ± 0.4 
 15.0   15.7 ± 1.4 21.8 ± 0.3 
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Table 2. Nutrient concentrations of hydroponic nutrient solutions with electrical conductivities (EC) ranging from 0.5 to 4.0 dS∙m−1 
for basil grown in hydroponic systems under low (~7.0 mol∙m−2∙d−1) or high (~15.0 mol∙m−2∙d−1) daily light integrals (DLIs) at the 
beginning of the experiment and the change (∆) in concentration from the beginning to the end of production after 3 weeks. 
   Nutrient concentration  
   %  ppm 
Target DLIs EC Time   N   P  K Mg Ca S  Zn Mn Cu Fe B 
Low 0.5 Initial 56 26 41 13 17 31  0.2 0.05 0.04 0.7 0.1 
  ∆ -11 +1 +35 -2 -3 -4  -0.04 -0.003 -0.007 -0.04 +0.003 
 1.0 Initial 118 52 94 25 32 63  0.4 0.4 0.1 1.6 0.2 
  ∆ -16 -2 +75 -2 -3 -6  -0.03 -0.2 -0.01 -0.03 0 
 2.0 Initial 254 93 198 51 67 112  0.8 0.8 0.2 3.4 0.4 
  ∆ -16 -6 +120 -2 -3 -5  -0.01 -0.05 -0.01 0.09 +0.01 
 3.0 Initial 412 149 302 80 108 178  1.3 1.3 0.3 5.5 0.6 
  ∆ -11 -4 +55 -3 -9 -12  -0.04 -0.07 +0.003 -0.3 -0.01 
 4.0 Initial 534 200 401 107 140 238  1.7 1.6 0.4 6.9 0.7 
6
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Table 2. continued            
  ∆ -22 -5 +141 -2 -4 -11  -0.01 -0.2 +0.003 +0.1 +0.003 
               
High 0.5 Initial 57 29 50 14 17 33  0.2 0.1 0.05 0.8 0.1 
  ∆ -26 +3 +8 -5 -7 -11  -0.05 -0.1 -0.01 -0.08 +0.01 
 1.0 Initial 113 46 94 25 30 57  0.4 0.2 0.1 1.6 0.2 
  ∆ -38 -4 +45 -7 -9 -14  -0.05 -0.06 -0.02 -0.2 0 
 2.0 Initial 247 96 190 53 63 120  0.8 0.7 0.2 3.3 0.4 
  ∆ -41 -24 +35 -4 -5 -14  -0.03 -0.05 -0.003 -0.02 0 
 3.0 Initial 394 152 348 78 96 178  1.4 1.4 0.4 5.9 0.6 
  ∆ -61 -36 +119 -6 -7 -16  -0.1 -0.08 -0.02 -0.4 -0.02 
 4.0 Initial 573 194 475 104 134 230  2.0 2.0 0.5 8.3 0.8 
  ∆ -88 -24 +111 -11 -4 -43  -0.05 -0.10 -0.02 -0.4 -0.01 
 
 
6
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Table 3. Analyses of variance for fresh and dry mass, height, node and branch number, 
and nutrient concentrations for sweet basil (Ocimum basilicum ‘Nufar’), lemon basil 
(Ocimum ×citriodorum ‘Lime’), and holy basil (Ocimum tenuiflorum ‘Holy’) 3 weeks 
after transplanting into nutrient-film technique hydroponic systems in a greenhouse under 
a high (~15 mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral (DLI). 
Parameter EC DLI EC × DLI 
Sweet basil 
Fresh mass (g) NS
z 
*** NS 
Dry mass (g) NS *** NS 
Height (cm) NS *** NS 
Node (no) NS *** NS 
Branch (no) NS *** NS 
SPAD *** *** NS 
N Concentration (%) *** *** NS 
P Concentration (%) *** NS NS 
K Concentration (%) * NS NS 
Mg Concentration (%) *** NS NS 
Ca Concentration (%) *** ** NS 
S Concentration (%) *** NS NS 
Zn Concentration (%) NS *** NS 
Mn Concentration (%) NS * NS 
Cu Concentration (%) * *** NS 
Fe Concentration (%) NS * NS 
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B Concentration (%) ** ** NS 
Lemon basil 
Fresh mass (g) NS *** NS 
Dry mass (g) NS *** NS 
Height (cm) NS * NS 
Node (no) NS *** NS 
Branch (no) NS *** NS 
SPAD * *** NS 
N Concentration (%) *** NS NS 
P Concentration (%) *** NS NS 
K Concentration (%) NS ** NS 
Mg Concentration (%) *** NS NS 
Ca Concentration (%) *** NS NS 
S Concentration (%) *** NS NS 
Zn Concentration (%) * NS NS 
Mn Concentration (%) NS * NS 
Cu Concentration (%) *** *** NS 
Fe Concentration (%) NS NS NS 
B Concentration (%) ** ** NS 
Holy basil 
Fresh mass (g) NS *** NS 
Dry mass (g) NS *** NS 
    
Table 3. continued 
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Height (cm) NS *** NS 
Node (no) NS *** NS 
Branch (no) NS *** NS 
SPAD *** *** NS 
N Concentration (%) *** * NS 
P Concentration (%) ** * NS 
K Concentration (%) NS ** NS 
Mg Concentration (%) *** * NS 
Ca Concentration (%) *** NS NS 
S Concentration (%) NS ** NS 
Zn Concentration (%) *** NS NS 
Mn Concentration (%) NS NS NS 
Cu Concentration (%) * *** NS 
Fe Concentration (%) NS NS NS 
B Concentration (%) NS * NS 
z
 *, **, ***, or NS indicate significant at P ≤ 0.05, 0.01, 0.001, 
or NS respectively. 
 
 
 
 
 
Table 3. continued 
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Table 4. Fresh and dry mass, height, and node and branch number for sweet basil 
(Ocimum basilicum ‘Nufar’), lemon basil (Ocimum ×citriodorum ‘Lime’), and holy basil 
(Ocimum tenuiflorum ‘Holy’) 3 weeks after transplanting into nutrient-film technique 
hydroponic systems in a greenhouse under a high (~15 mol∙m−2∙d−1) or low (~7 
mol∙m−2∙d−1) daily light integral (DLI).  
 DLI  
Parameter Low High Sig. 
 Sweet basil 
Fresh mass (g)     12.5     30.5  ***
 z
 
Dry mass (g)       0.9       2.5  *** 
Height (cm)     13.2     15.9  *** 
Nodes (no.)       4.3       5.1  *** 
Branches (no.)       0.0       2.3  *** 
SPAD     25.7     34.1  *** 
 Lemon basil 
Fresh mass (g)       6.2      18.9  *** 
Dry mass (g)       0.5        1.9  *** 
Height (cm)     16.3      18.5  * 
Nodes (no.)       5.5        6.3  *** 
Branches (no.)       3.5        7.5  *** 
SPAD     30.1     40.2  *** 
 Holy basil 
Fresh mass (g)       6.4      19.7  *** 
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Dry mass (g)       0.5        1.8  *** 
Height (cm)     14.1      17.8  *** 
Nodes (no.)       5.7        6.3  *** 
Branches (no.)       2.5        7.3  *** 
SPAD     32.8      39.9  *** 
z
 * or *** indicate significant at P ≤ 0.05 or 
0.001, respectively.  
Table 4. continued 
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Table 5. Nutrient concentrations of sweet basil (Ocimum basilicum ‘Nufar’), lemon basil 
(Ocimum ×citriodorum ‘Lime’), and holy basil (Ocimum tenuiflorum ‘Holy’) affected by 
a high (~15 mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral (DLI) 21 d after 
transplanting into nutrient-film technique hydroponic systems.  
Nutrient 
concentration 
DLI  
Low High Sig. 
 Sweet basil 
N (%)      5.4      5.1 * 
K (%)      7.0      6.5 * 
Ca (%)      1.5      1.4 * 
Zn (ppm)  123  103 ** 
Mn (ppm)  213  185 ** 
Cu (ppm)    18    15 ** 
Fe (ppm)  135  116 * 
B (ppm)    42    35 ** 
 Lemon basil 
K (%)      5.1      4.6 ** 
Mn (ppm)  185  158 * 
Cu (ppm)    15    12 *** 
B (ppm)    39    34 ** 
 Holy basil 
N (%)      6.0      6.2 * 
P (%)      1.6      1.4 * 
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K (%)      5.2      4.7 ** 
S (%)      0.55      0.62 ** 
Mn (ppm)  187  166 * 
Cu (ppm)    17    14 *** 
B (ppm)    37    33 ** 
z
 *, **, or *** indicate significant at P ≤ 0.05, 
0.01, or 0.001, respectively. 
 Table 5. continued 
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Fig. 1. (A−L) Tissue nitrogen (N), phosphorus (P), magnesium (Mg), and calcium (Ca) 
concentrations of sweet basil (Ocimum basilicum ‘Nufar’), lemon basil (O. ×citriodorum 
‘Lime’), and holy basil (O. tenuiflorum ‘Holy’) 3 weeks after transplanting into nutrient-
film technique hydroponic systems containing nutrient solutions with 0.5, 1.0, 2.0, 3.0, or 
4.0 dS∙m−1 electrical conductivities (ECs). Each symbol represents the mean of six 
replications with ten plants per replicate, and error bars represent the SEs of the mean of 
the six replicates. ** or *** indicate significant at P ≤ 0.01, or 0.001, respectively.  
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Fig. 2. (A−L) Tissue potassium (K), sulfur (S), copper (Cu), and boron (B) 
concentrations of sweet basil (Ocimum basilicum ‘Nufar’) 3 weeks after transplanting 
into nutrient-film technique hydroponic systems containing nutrient solutions with 0.5, 
1.0, 2.0, 3.0, or 4.0 dS∙m−1 electrical conductivities (ECs). Each symbol represents the 
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mean of six replications with ten plants per replicate, and error bars represent the SEs of 
the mean of the six replicates. * or *** indicate significant at P ≤ 0.05, or 0.001, 
respectively. 
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Fig. 3. (A−D) Tissue sulfur (S), zinc (Zn), copper (Cu), and boron (B) concentrations of 
lemon basil (O. ×citriodorum ‘Lime’) 3 weeks after transplanting into nutrient-film 
technique hydroponic systems containing nutrient solutions with 0.5, 1.0, 2.0, 3.0, or 4.0 
dS∙m−1 electrical conductivities (ECs). Each symbol represents the mean of six 
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replications with ten plants per replicate, and error bars represent the SEs of the mean of 
the six replicates. *, **, or *** indicate significant at P ≤ 0.05, 0.01, or 0.001, 
respectively. 
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Fig. 4. SPAD index of holy basil (O. tenuiflorum ‘Holy’) 3 weeks after transplanting into 
nutrient-film technique hydroponic systems containing nutrient solutions with 0.5, 1.0, 
2.0, 3.0, or 4.0 dS∙m−1 electrical conductivities (ECs). Each symbol represents the mean 
of six replications with ten plants per replicate, and error bars represent the SEs of the 
mean of the six replicates. * indicates significant at P ≤ 0.05. 
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Fig. 5. Tissue zinc (Zn) concentrations of holy basil (O. tenuiflorum ‘Holy’) 3 weeks 
after transplanting into nutrient-film technique hydroponic systems containing nutrient 
solutions with 0.5, 1.0, 2.0, 3.0, or 4.0 dS∙m−1 electrical conductivities (ECs). Each 
symbol represents the mean of six replications with ten plants per replicate, and error bars 
represent the SEs of the mean of the six replicates. *** indicates significant at P ≤ 0.001. 
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Fig. 6. Sweet basil (Ocimum basilicum ‘Nufar’) plants grown with a high (~15 
mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral (DLI) 3 weeks after 
transplanting into nutrient-film technique hydroponic systems containing nutrient 
solutions with 0.5, 1.0, 2.0, 3.0, or 4.0 dS∙m−1 electrical conductivities (ECs). 
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Fig. 7. Lemon basil (Ocimum ×citriodorum ‘Lime’) plants grown with a high (~15 
mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral (DLI) 21 d after transplanting 
into nutrient-film technique hydroponic systems with 0.5, 1.0, 2.0, 3.0, or 4.0 dS∙m−1 
electrical conductivities. 
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Fig. 8. Holy basil (Ocimum tenuiflorum ‘Holy’) plants grown with a high (~15 
mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral (DLI) 3 weeks after 
transplanting into nutrient-film technique hydroponic systems containing nutrient 
solutions with 0.5, 1.0, 2.0, 3.0, or 4.0 dS∙m−1 electrical conductivities (ECs). 
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CHAPTER 4. AIR TEMPERATURE AFFECTS GROWTH AND 
DEVELOPMENT OF BASIL SPECIES 
A paper prepared for submission to HortScience 
Kellie J. Walters and Christopher J. Currey 
 
 
Abstract 
Basil (Ocimum L. sp.) is the most popular fresh culinary herb. However, the effect 
of air temperature on growth and development of basil is not well characterized. Our 
objective was to quantify the effect of air temperature on growth and development of 
basil species. Seedlings of three basil species, sweet basil (Ocimum basilicum L. ‘Nufar’), 
holy basil (O. tenuiflorum L. ‘Holy’), and lemon basil (O. ×citriodorum Vis. ‘Lime’ and 
O. basilicum ‘Sweet Dani’), were placed in five different growth chambers with target air 
temperatures of 11, 17, 23, 29, or 35 °C. After three weeks, chlorophyll fluorescence 
(Fv/Fm), plant height, node and branch number, and flowering data were recorded. All of 
these parameters were affected by temperature. For example, Fv/Fm increased as 
temperatures increased up to 17 or 23 °C, then plateaued, for all species, while height 
increased with increasing temperature to 23 or 29 °C. Also, the percentage of 
reproductive plants increased with temperature to 17 or 23 °C for all species with the 
exception of sweet basil of which all plants were vegetative and node appearance rate 
was calculated. Sweet basil node appearance rate increased from 0.03 to 0.3 no.∙d−1 as the 
temperature increased from 11 to 29 °C and then decreased to 0.28 no.∙d−1 as the 
temperature further increased to 35 °C. Rates of fresh and dry mass gain for all species 
were calculated. Fresh mass gain increased with increasing temperature to 29 °C; as 
temperature increased from 29 °C to 35 °C fresh mass decreased for all species. 
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Furthermore, data from plants grown within the linear air temperature range were used to 
develop models for calculating the base temperature (Tb) and predict growth in response 
to air temperature.  
 
Introduction 
Basil (Ocimum sp.) is a commonly cultivated herb with over 64 species identified 
(Tucker and DeBaggio, 2009). While basil is utilized in several ways, including for 
essential oil production, as an ornamental plant in landscapes, and as a cut flower, it is 
most popularly used as a culinary herb (Dole and Wilkins, 1999; Morales and Simon, 
1996; Simon et al., 1999; Wogiatzi et al., 2011). Culinary basil is commonly grown 
outdoors, but in colder climates, year-round hydroponic production in greenhouses is 
utilized (Walters and Currey, 2015).  
Crop scheduling is used in greenhouses to optimize production time, thus 
maximizing efficiency and allowing producers to grow plants for specific market dates. 
Several factors influence the growth and development of plant, however, one of the 
primary determinants of plant development is temperature (Lopez and Runkle, 2004; 
Moccaldi and Runkle, 2007). Temperature is commonly manipulated by producers and is 
dependent on many factors including the crop finishing dates, desired size and quality, 
crop production stage, cost of heating systems and fuel, environmental controls, time of 
year, and greenhouse type and location. Though greenhouse temperatures fluctuate 
throughout the day, plants are able to integrate the temperature, therefore, we use the 
average daily temperature (ADT) to describe the effects of temperature on plants. The 
ADT is the average temperature over a 24 h period and primarily controls the rate of 
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plant development (Blanchard and Runkle, 2011). Temperature models have been 
developed to assist in scheduling the flowering of crops (Fisher et al., 1996; Moccaldi 
and Runkle, 2007; Torres and Lopez, 2011) as well as determining the rate of vegetative 
growth and development such as leaf unfolding rate, plant height, number of branches, 
and shoot and root dry mass (Kaczperski et al., 1991; Karlsson and Heins, 1992; Lopez 
and Runkle, 2004). Marketing containerized or hydroponically grown basil is not related 
to flowering, but rather the mass and size of the plant. Researchers have modeled growth 
of commonly produced leaf crops such as lettuce (Scaife, 1973; Seginer et al., 1991; 
Thompson et al., 1998), but predictive models for other leafy greenhouse crops such as 
basil is lacking. Though Chang et al. (2005) evaluated the growth of basil at different 
temperatures, the study only evaluated three temperatures, an insufficient quantity to 
model growth. Temperature modeling includes calculating base, optimal, and maximum 
temperatures for plant growth. The base temperature (Tb) is the temperature below which 
plant development ceases. As temperatures increase above Tb, the rate of development 
increases to a maximum value at the optimal temperature (Topt). As temperatures increase 
above Topt, the rate of development decreases until a maximum temperature (Tmax) is 
reached, above which plants die (Roberts and Summerfield, 1987). The question is, how 
does basil respond to temperature?  
Understanding how basil will respond to common greenhouse temperatures would 
allow us to predict basil growth and development. For example, temperature models can 
be useful tools to predict growth, schedule crops, and conduct cost-benefit analysis. The 
objective of this study was to quantify the effect of temperature on growth and 
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development of basil species and to develop models for predicting plant growth in 
response to air temperature.  
 
Materials and Methods  
Propagation 
Seeds of sweet basil (Ocimum basilicum L. ‘Nufar’), holy basil (Ocimum 
tenuiflorum L. ‘Holy’), and lemon basil (Ocimum ×citriodorum Vis. ‘Lime’ and Ocimum 
basilicum ‘Sweet Dani’) were sown in 288-cell plug trays filled with a soilless peat-based 
germination substrate (Farfard Super Fine Germinating Mix; Sun Gro Horticulture, 
Agawam; MA). Plug trays were placed in an environmental growth chamber (E-41L; 
Percival Scientific Inc., Perry, IA) with an air temperature of 24.1 ± 0.5 °C measured 
every 15 s with a naturally-aspirated temperature sensor (TMC1-HD; Onset Computer 
Corporation, City, ST) in a solar radiation shield (RS3; Onset Computer Corporation).  
A photosynthetic photon flux (PPF) of 339 ± 17 µmol∙m−2∙s−1 was provided by 
fluorescent lamps for 16 h per d and measured every 15 s with an amplified quantum 
sensor (SQ-222; Apogee Instruments, Logan, UT). Light intensity and air temperatures 
were logged every 15 min by a data logger (Hobo U12; Onset Computer Corporation, 
Bourne, MA). Plugs were irrigated as needed with deionized water until radicle 
emergence. After radicles emerged, seedlings were irrigated with deionized water 
supplemented with 100 ppm nitrogen (N) from a complete, balanced, water soluble 
fertilizer (15N−2.25P−12.6K; Peters Excel CalMag Grower; Everris International B.V., 
Geldermalsen, Netherlands).  
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Air Temperature Treatments  
After 3 weeks, seedlings were transplanted into 10-cm containers filled with a 
commercial soilless substrate comprised of 70−80% Canadian sphagnum peat moss and 
20−30% perlite amended with dolomitic limestone, starter charge, and a surfactant 
(Sunshine LC1; Sun Gro Horticulture, Agawam; MA). Ten plants of each cultivar were 
placed in five growth chambers (E-41L; Percival Scientific Inc., Perry, IA) with target air 
temperatures of 11, 17, 23, 29, or 35 °C. A photosynthetic photon flux (PPF) of 224 (11 
°C) to 432 (17 to 35 °C) µmol∙m−2∙s−1 was provided by fluorescent lamps for 16 h per d 
(Beaman et al., 2009). The light intensity decreased in the lowest temperature treatment 
due to diminished output of fluorescent lamps at the low temperatures (Bleeker and 
Veenstra, 1990). Temperature and light intensity were measured as previously described 
and are reported in Table 1. Plants were fertilized weekly with 200 ppm N from a 
complete, balanced, water-soluble fertilizer (15N−2.25P−12.6K Peters Excel CalMag 
Grower; Everris International B.V.), and irrigated as needed with deionized water. 
 
Data Collection and Calculation  
The height and node and branch number of 10 seedlings of each cultivar were 
recorded at the time of transplant. Seedlings were harvested and shoot fresh mass was 
recorded. Shoots were placed in a forced air drier maintained at 67 °C for 3 d then 
weighed and dry mass was recorded. Three weeks after planting plants into temperature 
treatments, chlorophyll fluorescence of 5 plants per treatment per replication was 
measured on the adaxial epidermis of the most fully expanded leaf using a chlorophyll 
fluorescence meter (Plant Efficiency Analyzer; Hansatech Instruments Ltd., Norfolk, 
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U.K.). Using the manufacturer’s clip, leaves were dark-acclimated for 15 min before 
measurements were taken. Fluorescence was measured by opening a shutter in the dark-
acclimating clip and exposing the leaf to light with a peak wavelength of 650 nm 
provided by 3,000 µmol∙m−2∙s−1 for 5 s to saturate PSII. Chlorophyll fluorescence was 
expressed as chlorophyll fluorescence (Fv/Fm). Then, plant height from substrate surface 
to top vegetative node, number of branches (>2.5 cm), and number of plants flowering or 
with a visible bud were recorded and the percent of reproductive plants was calculated 
(number of plants with a visible bud or flower / total number of plants). Node number 
was counted and node appearance rate was calculated (node number / time to harvest) on 
non-reproductive species. Plants were then severed at the substrate surface and shoot 
fresh mass was recorded. Shoots were then placed in a forced-air drier maintained at 67 
°C for 3 d then weighed and dry mass was recorded. Fresh and dry mass rate of gain was 
obtained by dividing the fresh and dry mass by time to harvest.  
 
Experimental Design and Statistical Analyses  
The experiment was organized in a randomized complete block design. The 
experiment was replicated three times over time and, for each replication in time, there 
was a single replication (growth chamber) for each temperature with ten plants of each 
cultivar per temperature treatment. Data were analyzed using Sigma Plot version 12.3 
(Systat Software Inc., San Jose, CA) for regression analyses. 
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Results 
Sweet Basil  
Fresh and dry mass rate of gain of sweet basil increased linearly from ~11 to ~29 
°C, then decreased (Table 2). As air temperature increased from 10.6 to 29.1 °C, fresh 
and dry mass rate increased by 1.43 and 0.138 g∙d−1, and then decreased by 0.19 and 
0.038 g∙d−1 as air temperature increased to 35.3 °C (Fig. 1 and 2). The Tb was estimated 
at 11.3 and 11.1 °C for fresh and dry mass rate, respectively (Table 2). As air temperature 
increased from 10.6 to 28.9 °C, node appearance rate increased by 0.27 no.∙d−1, while the 
base air temperature is estimated at 8.2 °C (Fig. 3). All plants were vegetative (data not 
shown). Sweet basil grown at 28.9 °C were 23.4 cm taller than plants grown at 10.6 °C 
while height decreased by 6.8 cm as temperature increased to 35.3 °C (Fig. 5). At 10.6 
°C, sweet basil had internode lengths 1.6 cm shorter than plants grown at 28.9 °C (Fig. 
6). However, as air temperature increased to 35.3 °C, internode length decreased by 0.7 
cm. Sweet basil had no branches when grown at ~11 to ~17 °C, after which branch 
number increased by up to 9.3 branches as temperature increased to ~35 °C (data not 
shown). The Fv/Fm increased from 0.49 to 0.84 as air temperature increased from 10.9 to 
23.1 °C (Fig. 7).  
 
Lemon Basil ‘Sweet Dani’  
As air temperature increased from ~11 to ~29 °C, fresh and dry mass rate of gain 
increased linearly, then decreased (Table 2). For example, fresh and dry mass rate of gain 
increased by 1.23 and 0.135 g∙d−1, respectively as temperature increased from 10.6 to 
28.9 °C, then decreased by 0.34 and 0.055 g∙d−1, respectively as temperature further 
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increased to 34.8 °C (Fig. 1 and 2). Similar to mass gain rate, height increased by 27.7 
cm as air temperature increased from 11.6 to 27.5 °C (Fig. 5). Internode length decreased 
from 3.6 cm to 1.7 cm as temperature increased from 11.6 to 18.3 °C (Fig. 6), then 
increased to 3.9 cm at 21.1 °C. As temperature further increased to 34.8 °C, internode 
length decreased to 2.9 cm. Branch number increased from 0 to 11.3 branches as air 
temperature increased from 11.6 to 27.5 °C (data not shown). Percent of reproductive 
plants increased from 0% at 10.9 °C to 100% at 23.1 °C (Fig 4). The Fv/Fm increased 
from 0.61 to 0.80 as air temperature increased from 10.9 to 16.8 °C, then remained 
constant (Fig. 7). 
 
Lemon Basil ‘Lime’  
As air temperature increased from ~11 to ~29 °C, fresh and dry mass rate of gain 
increased linearly, then decreased (Table 2). Fresh and dry mass rate of gain increased by 
1.04 and 0.116 g∙d−1, respectively as air temperature increased from 10.6 to 28.9 °C (Fig. 
1 and 2). This rate of fresh and dry mass gain was a linear function of air temperature 
until ~29 °C (Table 2) with Tb estimated at 12.1 and 12.0 °C for fresh and dry mass rates, 
respectively. The percent of reproductive plants increased from 0 to 100% as air 
temperature increased from 10.6 to 22.2 °C, then remained constant until 35.3 °C at 
which the percent of reproductive plants decreased to 90% (Fig. 4). Height increased by 
15.8 cm as air temperature increased from 10.6 to 22.2 °C, then decreased by 2.7 cm as 
air temperature further increased to 35.3 °C (Fig. 5); while internode length increased 
from 1.6 to 3.0 cm as air temperature increased from 10.6 to 22.2 °C, then decreased to 
2.6 cm at 35.3 °C (Fig. 6). Branch number increased from 0 to 15.0 branches as air 
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temperature increased from 11.6 to 34.8 °C (data not shown). Chlorophyll fluorescence 
increased from 0.56 to 0.83 as air temperature increased from 10.6 to 22.2 °C, then 
remained constant (Fig. 7).  
 
Holy Basil  
Fresh and dry mass rate of gain of holy basil increased linearly from ~11 to ~29 
°C, then decreased (Table 2). As air temperature increased from 10.6 to 29.1 °C, fresh 
and dry mass rate of gain increased by 1.01 or 0.110 g∙d−1 (Fig. 1 and 2), respectively, 
while height increased by 17.9 cm (Fig. 5). This rate of fresh and dry mass gain was a 
linear function of temperature until ~29 °C (Table 2) with Tb estimated at 10.9 and 11.1 
°C for fresh and dry mass rates, respectively. Percent of reproductive plants increased 
from 0 to 100% as air temperature increased from 11.6 to 18.3 °C, then decreased from 
100% to 30% as temperature increased from 27.5 to 34.8 °C (Fig. 4). Internode length 
increased by 1.4 cm as air temperature increased from 10.6 to 22.2 °C then decreased by 
0.8 cm as air temperature increased to 35.3 °C (Fig. 6). Holy basil branch number 
increased from 0 to 11.6 branches as air temperature increased from 11.6 to 21.1 °C (data 
not shown), while Fv/Fm increased from 0.52 to 0.82, then both branch number and Fv/Fm 
plateaued (Fig. 7). 
 
Discussion 
Our results agreed with results from Chang et al. (2005) who found fresh and dry 
mass increased by 10.2 and 1.6 g per plant, respectively, as temperature increased from 
15 to 25 °C. In contrast, Chang et al. (2005) found no differences in mass between plants 
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grown at 25 and 30 °C and, though the air temperatures were different, our results 
showed in increase in fresh and dry mass from ~23 to ~29 °C with mass decreasing as 
temperatures increased to ~35 °C. Similar to our findings, Caliskan et al. (2009) 
determined relative growth rate of basil increased as temperature increased up to 28 °C, 
then decreased. However, Caliskan et al. (2009) defined relative growth rate as the 
growth rate per unit leaf area per day times the leaf area of the plant divided by its total 
dry weight while we calculated the rate of fresh and dry mass gain. Chang et al. (2005) 
found that basil node number increased by 1.0 node as temperature increased from 15 to 
25 °C, with no effect by further increasing temperature to 30 °C. Similarly, in our study 
node appearance rate of sweet basil increased as temperature increased up to 29 °C, then 
decreased as temperatures increased to 35 °C. In contrast, researchers have found that 
node number of yellow bells (Tecoma stans) and petunia (Petunia × hybrids) at time of 
flowering are unaffected by air temperature though node appearance rate was not 
calculated (Kaczperski et al., 1991; Torres and Lopez, 2011). The results of Chang et al. 
(2005) also highlighted that height and branches increased by 10.5 cm and 2.0 branches, 
respectively, as temperature increased from 15 to 25 °C, with no effect further increasing 
temperature to 30 °C. Similarly, in our research height and branch number increased as 
temperature increased to ~23 or ~29 °C depending on species, as temperatures further 
increased to ~35 °C, branch number plateaued while height decreased. Height of 
floriculture crops yellow bells and petunia also increased as temperature increased from 
19 to 22 °C and 10 to 30 °C, respectively (Kaczperski et al., 1991; Torres and Lopez, 
2011). While internode length of petunia was more dependent upon DIF than ADT, 
internode lengths were shorter at low temperatures, similar to our results with basil 
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(Kaczperski et al., 1991). As evident in the research, basil growth and development 
increases as temperature increases to 25 to 29 °C. 
In our study, increasing temperature increased the number of plants with flowers 
or buds in ‘Sweet Dani’ lemon basil, ‘Lime’ lemon basil, and holy basil up to ~17 to ~23 
°C. Similarly, research has established that increasing air temperature to a species- or 
cultivar- dependent Topt can increase flowering rates. For example, increasing 
temperature from 15 to 25 °C increased the flowering rate of salvia (Salvia splendens) 
and marigold (Tagetes patula) (Moccaldi and Runkle, 2007). Diminished flowering at 
warm temperatures is commonly referred to as heat delay. Flower number of ‘Skyline 
Beaconsfield’ pansy (Viola × wittrockiana) decreased by 54% as temperature increased 
from 20 to 30 °C (Warner and Erwin, 2006). Similarly, in our study reproductive 
percentages decreased in lemon basil ‘Lime’, lemon basil ‘Sweet Dani’, and holy basil as 
temperature increased to 35 °C. Thus, flowering rate in basil increases as temperature 
increases to ~17 to ~23 °C, then decreases as temperature further increases from ~29 to 
~35 °C.  
Air temperature is commonly manipulated by producers and is dependent on 
many factors including the crop finishing dates, desired size and quality, crop production 
stage, cost of heating systems and fuel, environmental controls, time of year, and 
greenhouse type and location. Though greenhouse temperatures fluctuate throughout the 
day, plants are able to integrate the temperature, therefore, we use ADT to model 
temperature effects. Temperature models have been developed to determine the rate of 
vegetative growth and development such as leaf unfolding rate, plant height, number of 
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branches, and shoot and root dry mass (Kaczperski et al., 1991; Karlsson and Heins, 
1992; Lopez and Runkle, 2004; Scaife, 1973; Thomson et al., 1998).  
Temperature modeling includes calculating base, optimal, and maximum 
temperatures for plant growth. The base temperature (Tb) is the temperature below which 
plant development ceases. Blanchard and Runkle (2011) define three crop categories 
based on the plant’s base temperature. Cold-tolerant crops have base a base temperature 
less than 4 °C, intermediate crops have a base temperature of 4 to 7 °C, while cold-
sensitive crops have a base temperature over 7 °C. The Tb for basil calculated from fresh 
mass rate is between 10.9 and 12.1 °C depending on species, categorizing basil as a cold-
sensitive crop. Furthermore, chlorophyll fluorescence is a measure of the relative 
efficiency of PSII. It can be used as an indicator of plant photosynthetic performance and 
is often the first manifestation of stress in a leaf (Maxwell and Johnson, 2000). Low 
chlorophyll fluorescence (Fv/Fm) values are present when a plant has been exposed to 
stress. For cold-sensitive plants, reductions in chlorophyll fluorescence can be used in 
some cases as an indicator of chilling-induced injury and photoinhibition (Maxwell and 
Johnson, 2000). Our research determined basil had lower Fv/Fm values at ~11 to ~17 or 
~23 °C, but reached healthy Fv/Fm values near 0.8 when temperatures were between ~17 
or ~23 to ~35 °C, depending on species. Low Fv/Fm values at moderate to cold 
temperatures indicate low temperature stress and supports the Tb classification that basil 
is a cold-sensitive crop.  
As temperatures increase above Tb, the rate of development increases to a 
maximum value at the optimal temperature (Topt). As temperatures increase above Topt, 
the rate of development decreases. This delay in development is known as heat delay. As 
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temperatures further increase, development continues to decrease until a maximum 
temperature (Tmax), above which plants die (Roberts and Summerfield, 1987). Therefore, 
plants should be grown at temperatures between Tb and Topt. The Topt varies, for example 
Topt for pansy is 21.7 °C, classifying it as a cool-season or heat-sensitive crop (Adams et 
al., 1997; Blanchard and Runkle, 2011). Alternatively, the warm-season or heat-tolerant 
crop, hibiscus has a Topt of 32 °C (Karlsson et al., 1991). The Topt for basil is between 29 
and 35 °C, classifying it as a warm-season or heat-tolerant crop.  
The models generated can be used to predict growth of basil at different 
temperatures. For example, a marketable shoot is commonly ~22 g. Using the model for 
sweet basil, we can determine that it will take 36, 27, or 22 days to grow a plant at 18, 20, 
or 22 °C, respectively. Producers can then conduct a cost benefit analysis to determine 
the most profitable air temperature to grow the sweet basil crop. The models for lemon 
basil ‘Sweet Dani’, lemon basil ‘Lime’, and holy basil can also be used to predict how 
long it would take to grow the respective plants in this scenario.  
  
Conclusions  
In general, increasing air temperature to ~29 °C resulted in an increase in fresh 
and dry mass accumulation rate, node number, percent of plants with visible flower buds 
or flowers, plant height, internode length, branch number, and chlorophyll fluorescence 
for all species and cultivars evaluated. Basil is a cold-sensitive, heat tolerant crop. The 
linear models provided can be useful in predicting growth of different basil species and 
cultivars at common greenhouse air temperatures. Though air temperature is commonly 
manipulated by producers, preferred greenhouse air temperature is dependent on many 
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factors including the crop finishing dates, desired size and quality, crop production stage, 
cost of heating systems and fuel, environmental controls, time of year, greenhouse type 
and location, and requirements of other plants grown in the greenhouse. Producers are 
urged to conduct on-site trials to determine plant growth and development at 
temperatures under their production practices. 
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Tables and Figures  
Table 1. Average (mean ± SD) air temperature and daytime photosynthetic photon flux 
(PPF) for basil grown at five different air temperatures in environmental growth 
chambers for 3 weeks. 
 
Replication 
Target air 
temperature (°C) 
PPF 
(µmol∙m−2∙s−1) 
Air temperature 
(°C) 
1 11 224 ± 24 11.6 ± 0.6 
17 315 ±   8  18.3 ± 1.7 
23 328 ± 11 21.1 ± 0.9 
29 289 ± 15 27.5 ± 1.7 
35 300 ± 16 34.8 ± 2.5 
2 11 268 ± 22 10.6 ± 1.8 
17 361 ± 23 15.5 ± 2.2 
23 375 ± 16 22.2 ± 1.7 
29 437 ± 23 28.9 ± 1.6 
35 395 ± 11 35.3 ± 1.8 
3 11 311 ± 12 10.9 ± 1.0 
17 354 ± 11 16.8 ± 0.6 
23 386 ± 11 23.1 ± 0.6 
29 415 ± 12 29.1 ± 0.6 
35 433 ±   8 34.8 ± 0.7 
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Table 2. Parameters of linear regression analyses relating to fresh mass rate (g∙d−1), dry 
mass rate (g∙d−1), and node appearance rate (no.∙d−1) in sweet basil ‘Nufar’ (Ocimum 
basilicum), lemon basil ‘Sweet Dani’ (O. basilicum), lemon basil ‘Lime’ (O. 
×citriodorum), and holy basil ‘Holy’ (O. tenuiflorum) (mean ± SE). Intercept (b0) and 
Slope (b1) were used to calculate base temperature (Tb). 
 Intercept (b0)
 
 Slope (b1) Tb (°C) 
 Fresh mass rate (g∙d−1) 
        Sweet basil  -0.9854 ± 0.1296 0.0869 ± 0.0063 11.3 
        Lemon basil ‘Sweet Dani’ -0.8784 ± 0.1319 0.0760 ± 0.0064 11.6 
        Lemon basil ‘Lime’ -0.8220 ± 0.1223 0.0680 ± 0.0059 12.1 
        Holy basil  -0.7585 ± 0.1271 0.0696 ± 0.0061 10.9 
 Dry mass rate (g∙d−1) 
        Sweet basil  -0.0910 ± 0.0117 0.0082 ± 0.0006 11.1 
        Lemon basil ‘Sweet Dani’ -0.1001 ± 0.0153 0.0086 ± 0.0007 11.6 
        Lemon basil ‘Lime’ -0.0936 ± 0.0154 0.0078 ± 0.0007 12.0 
        Holy basil  -0.0844 ± 0.0129 0.0076 ± 0.0006 11.1 
 Node appearance rate (no.∙d−1)  
        Sweet basil  -0.1094 ± 0.0179 0.0133 ± 0.0009 8.2 
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Fig. 1. (A−D) Influence of air temperature on fresh mass rate (g∙d−1) of sweet basil 
‘Nufar’ (Ocimum basilicum) (A), lemon basil ‘Sweet Dani’ (O. basilicum) (B), lemon 
basil ‘Lime’ (O. ×citriodorum) (C), and holy basil ‘Holy’ (O. tenuiflorum) (D). Data 
were collected 3 weeks after transplanting. Each symbol represents the mean of 10 plants 
in one growth chamber. Data at ~35 °C were deemed superoptimal, therefore, not 
included in regression equations. *** indicates significant at P ≤ 0.001. 
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Fig. 2. (A−D) Influence of air temperature on dry mass rate (g∙d−1) of sweet basil ‘Nufar’ 
(Ocimum basilicum) (A), lemon basil ‘Sweet Dani’ (O. basilicum) (B), lemon basil 
‘Lime’ (O. ×citriodorum) (C), and holy basil ‘Holy’ (O. tenuiflorum) (D). Data were 
collected 3 weeks after transplanting. Each symbol represents the mean of 10 plants in 
one growth chamber. Data at ~35 °C were deemed superoptimal, therefore, not included 
in regression equations. *** indicates significant at P ≤ 0.001. 
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Fig. 3. Influence of air temperature on node appearance rate (no.∙d−1) of sweet basil 
‘Nufar’ (Ocimum basilicum). Data were collected 3 weeks after transplanting. Each 
symbol represents the mean of 10 plants in one growth chamber. Data at ~35 °C were not 
included in regression equation. *** indicates significant at P ≤ 0.001.  
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Fig. 4. (A−C) Influence of air temperature on the percentage of reproductive plants 
(visible buds or flowers) of Ocimum basilicum lemon basil ‘Sweet Dani’ (A), O. 
×citriodorum (lemon basil ‘Lime’) (B), and O. tenuiflorum (holy basil ‘Holy’) (C). Data 
were collected 3 weeks after transplanting. Each symbol represents the mean of 10 plants 
in one growth chamber. *** indicates significant at P ≤ 0.001. 
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Fig. 5. (A−D) Influence of air temperature on the height of sweet basil ‘Nufar’ (Ocimum 
basilicum) (A), lemon basil ‘Sweet Dani’ (O. basilicum) (B), lemon basil ‘Lime’ (O. 
×citriodorum) (C), and holy basil ‘Holy’ (O. tenuiflorum) (D). Data were collected 3 
weeks after transplanting.  Each symbol represents the mean of 10 plants in one growth 
chamber. *** indicates significant at P ≤ 0.001. 
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Fig. 6. (A−C) Influence of temperature on internode length of sweet basil ‘Nufar’ 
(Ocimum basilicum) (A), lemon basil ‘Lime’ (O. ×citriodorum) (B), and holy basil 
‘Holy’ (O. tenuiflorum) (C). Data were collected 3 weeks after transplanting. Each 
symbol represents the mean of 10 plants in one growth chamber. ** or *** indicate 
significant at P ≤ 0.01 or 0.001, respectively. 
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Fig. 7. (A−D) Influence of temperature on chlorophyll fluorescence (Fv/Fm) of sweet 
basil ‘Nufar’ (Ocimum basilicum) (A), lemon basil ‘Sweet Dani’ (O. basilicum) (B), 
lemon basil ‘Lime’ (O. ×citriodorum) (C), and holy basil ‘Holy’ (O. tenuiflorum) (D).  
Data were collected 3 weeks after transplanting. Each symbol represents 5 plants in one 
growth chamber. *** indicates significant regression at P ≤ 0.001. 
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Fig. 8. Sweet basil ‘Nufar’ (Ocimum basilicum) plants grown at different air temperatures 
for 3 weeks. 
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Fig. 9. Lemon basil ‘Sweet Dani’ (Ocimum basilicum) plants grown at different air 
temperatures for 3 weeks. 
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Fig. 10. Lemon basil ‘Lime’ (Ocimum ×citriodorum) plants grown at different air 
temperatures for 3 weeks. 
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Fig. 11. Holy basil ‘Holy’ (Ocimum tenuiflorum) plants grown at different air 
temperatures for 3 weeks. 
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CHAPTER 5. CONCLUSIONS 
 
General Discussion 
Many factors influence the growth of hydroponically grown basil. The research 
outlined in this thesis provides information and guidelines producers can use to 
manipulate some of these factors. I have examined many factors including production 
systems, the effect of cultivar selection, varying nutrient solution concentrations, the 
effect of DLI on plants and on nutrition, and varying air temperatures. Here are some of 
the general conclusions. 
Firstly, cultivars vary widely and selection can have a large impact on 
productivity, but selections should not be made solely on yield. For example, if the 
market calls for sweet basil, a producer should first consider growing a sweet basil 
cultivar even though a lemon basil cultivar such as ‘Mrs. Burns Lemon’ yields more than 
the top yielding sweet basil cultivar ‘Italian Large Leaf’. Also, some cultivars may have 
higher yields, but plant growth habit may not produce saleable plants. For example, 
purple cultivar ‘Aromatto’ had a fresh mass almost twice that of the second highest 
yielding purple basil cultivar, we believe the high mass may be attributed to excessive 
stem growth, not foliage, making it unsalable. Therefore, cultivar selection should be 
based on a combination of flavor, habit, and yield.  
Though there are differences in the productivity between NFT and DFT systems, 
this difference may not be commercially significant. Our research found differences when 
plants were grown for 3 weeks, but not for 4 weeks. There are large differences in the 
functionality of these systems though. For example, NFT systems are usually placed at 
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heights comfortable for greenhouse employees to access for transplanting and harvesting 
while DFT systems are usually near the ground and contain large rafts making access to 
plants harder. Therefore, hydroponic producers should choose production systems not 
only on yield, but also on operational preferences.  
Nutrient solution EC affected most tissue nutrient concentrations, though growth 
was unaffected and tissue concentrations were generally at or above recommended 
sufficiency ranges. Therefore, producers should choose solution concentrations based on 
other crops grown in the same solution or reducing fertilizer inputs. Refill solutions 
should not only be based on the uptake of nutrients by the plant, but also chemicals added 
to adjust pH. For example, the potassium carbonate used to raise the pH may cause Mg or 
Ca deficiencies if used in excess or over a long period of time. Growth was enhanced as 
DLI increased. Supplemental lighting is beneficial to increase DLI, thus increasing 
productivity, though nutrient refill solution should be adjusted. For example, N and S 
concentrations in the nutrient solution were depleted more in nutrient solutions in high 
DLI treatments than low DLI treatments.  
In general, increasing air temperature to ~29 °C resulted in an increase in fresh 
and dry mass accumulation rate, node number, percent of plants with visible flower buds 
or flowers, plant height, internode length, branch number, and chlorophyll fluorescence 
for all species and cultivars evaluated. Through this research, models were created to 
predict basil growth for several basil species. Producers can use these models to predict 
growth, schedule crops, and conduct a cost-benefit analysis. Through these models we 
determined that the Topt for basil is between 29 and 35 °C, classifying it as a warm-season 
or heat-tolerant crop. The Tb is 10.9 and 12.1 °C classifying basil as a cold-sensitive crop. 
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This conclusion is further supported by low Fv/Fm values at moderate to cold 
temperatures indicating low temperature stress and cold sensitivity. 
Many factors influence a producer’s decision to manipulate growing conditions. 
The results of these studies serve as guidelines and a baseline to help producers make 
informed decisions. These results may vary under different production practices. 
Therefore, producers are urged to conduct on-site trials to determine plant growth and 
development under their growing conditions.  
 
Recommendations for Future Research 
Current market research on the popularity and demand of fresh cut basil would be 
beneficial. It would be useful to know the demand is from sectors including restaurants, 
grocery stores, or farmers markets. With new basil cultivars constantly being bred and 
released, further cultivar evaluations may be necessary in the future. Breeding work could 
be directed toward controlled environment agriculture in pots and for hydroponic 
production and to increase the number of cultivars with resistance to diseases such as 
fusarium, pythium, and basil downy mildew. 
Specific guidelines for adjusting hydroponic nutrient solutions have yet to be 
established. The quantity and ratios of nutrients in a plant and in the nutrient solution 
have complex interactions. Therefore, creating a refill solution is difficult. For example, 
if a specific nutrient is depleted in the nutrient solution, it may or may not need to be 
replenished by the refill solution. The nutrient may be in higher demand by the plant, thus 
depleting its concentration in the nutrient solution before other nutrients, or the high 
concentration may be a result of luxury consumption. Research is needed to establish 
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specific recommendations for a closed system where nutrient solution does not have to be 
completely replaced after a time to remediate nutrient imbalances. This would enable 
producers to reduce fertilizer inputs while constantly providing the nutrients required for 
adequate plant growth. 
We have established that both air temperature and DLI impact plant growth and 
development; therefore, knowing how these two parameters interact would be useful. 
Previous research has reported that DLI and temperature often interact. Therefore, a 
model accounting for DLI would be a strong tool for producers to predict growth, time 
crops, and determine cost benefit analysis for both increasing light and increasing 
temperature. Knowing the impact of light quality would also be useful. Currently, LEDs 
have been increasing in popularity. The LEDs can provide specific wavelengths of light 
that may influence the growth, development, nutrient uptake, and/or flavor of basil.  
Also, flowering was observed for some of the species. Research on the 
photoperiodic response of different basil species would be useful.  Fresh basil is marketed 
for leaf growth. Therefore, flowering is undesirable. If we can better understand the 
photoperiodic response of basil, producers can potentially manipulate the environment to 
inhibit flowering.  
Basil has been cultivated for many years though the predominant production 
method is field cultivation. With controlled environment and hydroponic production 
increasing in popularity, more research is needed to provide recommendations for 
producers. The research presented in this thesis provides data and information about 
hydroponic production systems, the traits of basil cultivars, nutrient solution 
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concentrations, DLI effects, and the impact of air temperature on basil production, but 
there are many questions yet to be answered. 
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APPENDIX A: DAILY LIGHT INTEGRAL AND PLANT DENSITY AFFECT 
GROWTH OF GREEN AND PURPLE SWEET BASIL 
A paper prepared for submission to Acta Horticulturae 
Kellie J. Walters, Christopher J. Currey, and Cory B. Gamble 
 
Abstract 
Sweet basil (Ocimum basilicum L.) is a popular fresh culinary herb. Though 
hydroponic producers of fresh-cut culinary herbs aim to maximize yield, specific 
recommendations for plant spacing when grown under high and low daily light integrals 
(DLIs) is lacking. Our objective was to quantify the effect of plant density and light 
intensity on productivity of green and purple sweet basil. In Experiment 1, seeds of green 
sweet basil ‘Nufar’ were sown into phenolic foam grown for two weeks. Seedlings were 
then transplanted into deep-flow technique (DFT) hydroponic systems. Plants were 
spaced 10, 15, 20, 25, or 30 cm apart with low (5.0 to 6.3 mol∙m−2∙d−1) or high (14.2 to 
15.2 mol∙m−2∙d−1) DLIs and grown for three weeks. Fresh mass per m2 increased with 
increasing plant density. In the high DLI house, decreasing spacing from 30 to 10 cm 
between plants increased fresh mass by 940 g∙m−2, though fresh mass per plant was not 
affected. A similar trend was observed under low-DLI conditions, where increasing 
density increased fresh mass by 542 g∙m−2, but dry mass per plant remained constant. 
Yield per m
2
 varied between the two DLIs. For example, when basil was spaced on 10-
cm centers, fresh mass was 498 g greater under a high DLI compared to a low DLI 
conditions. In experiment 2, purple sweet basil ‘Red Rubin’ was planted 10 or 15 cm 
apart with one or two plants per cell and harvest after four weeks in the greenhouse. 
Yield per m
2
 increased with greater plant densities. For example, by increasing the plants 
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per cell from one to two fresh mass per cell increased by 55 to 210 g∙m−2 for plants 
grown under low DLI and 161 to 224 g∙m−2 for plants grown under high DLI. In 
summary, increasing planting density and DLI are useful practices to increase fresh mass 
per unit area in hydroponic systems.  
 
Introduction 
Basil is a popular culinary herb and though basil can be produced outdoors, year 
round production in colder climates is only possible in controlled environments (Simon et 
al., 1999; Wolf et al., 2011). Energy costs are one of the largest expenses of greenhouse 
production, so producers strive to increase productivity by decreasing production time 
and maximizing yield per unit area. There are multiple ways to increase yield including 
proper cultivar selection plant density, temperature, and irradiance (Chang et al., 2005, 
2008; Sadeghi et al. 2009; Walters and Currey, 2015).  
One of the simplest ways to increase yield is to reduce plant spacing, and 
therefore, density. Researchers have recommended planting densities for many plants 
including herbs such as thyme (Thymus vulgaris), hyssop (Hyssopus officinalis), and 
sweet basil in field production (Khazaie et al., 2008; Sadeghi et al., 2009). In addition to 
reducing plant spacing, increased densities can be achieved by increasing the number of 
seedlings per transplanted propagation cell, or multi-sowing the seed. Multi-sowing can 
reduce substrate costs and may be useful for increasing densities in hydroponic systems 
with set spacings. 
Daily light integral (DLI) is a measurement of the cumulative light during a 24-h 
period. This measurement is commonly used because instantaneous light varies over the 
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course of a day. Commercial hydroponic production is useful in the winter when produce 
cannot be grown outside in temperate climates. However, during this time of year the 
outdoor photosynthetic daily light integral (DLI) is low, and greenhouse glazings and 
superstructure cause further reduction in ambient light inside the greenhouse (Hanan, 
1998; Korczynski et al., 2002). Increasing DLI to a species dependent optimum increases 
dry mass production Chang et al., 2008). Supplemental lighting such as high-pressure 
sodium (HPS) lamps can be used to increase DLI thus increasing the plant biomass.  
Maboko and Plooy (2013) determined 40 plants per m
2
 was the best density for 
basil harvested multiple times per plant during low-light seasons, we have found no 
studies on plant spacing for single harvest green and purple basil grown at different DLIs. 
The objective of this study is to quantify the effect of plant density and light intensity on 
the productivity of sweet and purple basil.  
 
Materials and Methods 
Experiment 1  
Multi-seed 162-cell phenolic-foam propagation cubes (Oasis
® 
Horticubes
®
 XL; 
Smithers-Oasis, Kent, OH) were hydrated and leached with deionized water. Seeds of 
‘Nufar’ sweet basil were selected (Walters and Currey, 2015) and sown two to a cell. 
Flats were placed in an environmental growth chamber (E-41L; Percival Scientific Inc., 
Perry, IA, USA) with an air temperature of 23.0 ± 0.7 °C measured every 15 s with a 
naturally-aspirated temperature sensor (TMC1-HD; Onset Computer Corporation, Boune, 
MA, USA) in a solar radiation shield (RS3; Onset Computer Corporation). A 
photosynthetic photon flux (PPF) of 376 ± 8 µmol∙m−2∙s−1 was provided by fluorescent 
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lamps for 16 h per d and measured every 15 s with an amplified quantum sensor (SQ-
222; Apogee Instruments, Logan, UT, USA). Light intensity and air temperatures were 
logged every 15 min by a data logger (Hobo U12; Onset Computer Corporation). Seeds 
were irrigated once daily with reverse osmosis (RO) water until radical emergence, after 
which seedlings were irrigated daily with RO water supplemented with 100 ppm nitrogen 
(N) provided from a complete, balanced, water soluble fertilizer (Jack’s Hydro FeED 
16N−1.8P−14.3K; JR Peters Inc., Allentown, PA, USA). 
Two weeks after sowing seeds, seedlings were thinned to have one seedling per 
cell and transplanted into deep-flow technique (DFT) hydroponic systems consisting of a 
91-cm-wide, 15-cm-tall, and 183-cm-long tank with a 227-L capacity (3×6 ID Tray 
White; Botanicare, Chandler, AZ, USA) and a 4-cm thick polystyrene foam sheet floating 
on nutrient solution. Baskets were placed in 3.5-cm-diameter holes in the polystyrene 
foam. Seedlings were placed in the baskets spaced 10, 15, 20, 25, or 30 cm apart, 
resulting in plant densities of 100, 44, 25, 16, and 11 plants per m
2
, respectively. 
Hydroponic systems were in a glass-glazed greenhouse (Ames, IA, USA; Lat. 
42.0 °N) with radiant hot-water heating and fog cooling. The air temperature (22.1 ± 0.6 
°C) was measured every 15 s with four temperature probes (41342; R.M. Young 
Company, Traverse City, MI, USA) in an aspirated radiation shield (43502; R.M. Young 
Company) in each bay. A supplemental PPF of 191 ± 27 µmol∙m−2∙s−1 was provided by 
HPS lamps (PL 3000; P.L. Light Systems, Beamsville, ON, Canada) was provided 
between 0600 HRS and 2200 HRS to maintain identical photoperiods between treatments. 
However, between these times HPS lamps turned off when outdoor instantaneous light 
intensity fell below certain setpoints for more than 15 min. The shut-off setpoint for the 
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low DLI treatment was higher than the high DLI treatment. In order to maintain target 
DLIs, setpoints changed throughout each experimental replication as outdoor ambient 
PPF and day length changed. Aluminized shade cloth (XLS 15 Revolux; Ludvig 
Svensson, Kinna, Sweden) was also utilized in the low DLI house to decrease ambient 
light intensity mid-day to maintain the target DLI. The PPF was measured every 15 s 
with a quantum sensor (LI-190SL; LI-COR Biosciences, Lincoln, NE, USA) and DLIs 
were calculated. The low DLI house was maintained at a DLI of ~6 mol∙m−2∙d−1 while the 
high DLI house was maintained at ~15 mol∙m−2∙d−1. Temperature probes and quantum 
sensors were connected to a datalogger (CR1000 Measurement and Control System; 
Campbell Scientific, Logan, UT, USA) with means logged every 15 min. Shade curtains, 
HPS lamps, heating, and cooling were controlled with an environmental control system 
(ARGUS Titan; ARGUS Control Systems LTD., Surrey, BC, Canada).  
The nutrient solution consisted of deionized water and 16N−1.8P−14.3K fertilizer 
(Jack’s Hydro FeED; JR Peters Inc.) and solution properties (pH, electrical conductivity 
(EC)) were measured daily with a pH/EC probe (HI 981504 pH/TDS/Temperature 
Monitor; Hanna Instruments, Woonsocket, RI, USA). The nutrient solution EC was 
adjusted to 1.6 mS∙cm−1 daily by adding deionized water and concentrated nutrient 
solution, while the pH was maintained at 6.0 ± 0.2 by adding potassium carbonate 
(K2CO3, pH Up; General Hydroponics, Sebastopol, CA, USA) or a combination of 
phosphoric and citric acid (H3PO4 and C6H8O7, pH Down; General Hydroponics). The 
nutrient solution was constantly aerated with six 15-cm long air stones (Active Aqua air 
stone; Hydrofarm; Grand Prairie, TX, USA) per system attached to a 110-L air pump 
(Active Aqua commercial air pump; Hydrofarm). The oxygen concentration in the 
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nutrient solution was measured daily with a dissolved oxygen meter (HI 9147; Hanna 
Instruments) and was 8.3 ± 0.2 ppm. The nutrient solution was continuously circulated 
through a heater/chiller unit (SeaChill TR-10; TECO, Terrell, TX, USA) to maintain a 
water temperature of 22.1 ± 0.5 °C. 
Three weeks after transplanting, height of the main stem and node number were 
recorded to determine internode length (height / node number) and number of branches 
(>2.5 cm) were counted. Plants were severed at the surface of the substrate and fresh 
mass was immediately recorded. Shoots were placed in a forced-air drier maintained at 
67 °C for 3 d then weighed and dry mass was recorded.  
The experiment was organized in a randomized complete block design with a 
two-way factorial arrangement with two DLI levels and five planting densities. The 
experiment was replicated four times over time. Analyses of variance (ANOVA) and 
regression analyses were performed on all data using JMP Version 11 (SAS Institute Inc., 
Cary, NC, USA).  
 
Experiment 2  
Purple sweet basil ‘Red Rubin’ was propagated and transplanted into DFT 
systems as described in experiment 1. Seeds were sown three to a cell and thinned to one 
or two plants per cell before transplanting. After transplanting, plants were spaced 10 or 
15 cm apart in high (~17 mol∙m−2∙d−1) or low light houses (~7 mol∙m−2∙d−1) with a 
temperature of 22.0 ± 0.4 °C. Data was collected and plants were harvested as described 
in Expteriment 1. 
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The experiment is organized in a randomized complete block design with a three-
way factorial arrangement with two DLI levels, two planting densities, and two sowing 
rates. The experiment was replicated three times over time. Analyses of variance 
(ANOVA) and mean separation statistics by Tukey’s honestly significant difference test 
at P ≤ 0.05 were performed on all data using JMP Version 11 (SAS Institute Inc.).  
 
Results 
Experiment 1  
Basil grown under high DLI had greater fresh (75 g to 265 g) and dry (10 g to 56 
g) mass per m
2
 as well as fresh (8.9 g to 11 g) and dry (0.6 to 1.2 g) mass per plant than 
basil grown under low DLI, except fresh mass of plants grown 10 or 15 cm apart (Table 
1). The DLI had no effect on height, node number, or branch number (Table 1).  
Under both low and high DLIs, fresh and dry mass per m
2
 increased by 100 to 
498 g and 10 to 100 g, respectively, as spacing increased from 30 to 10 cm (Table 1). A 
10-cm spacing resulted in the highest fresh and dry mass per m
2
 for plants grown under 
both low (617 g and 38 g, respectively) and high DLIs (1115 g and 94 g, respectively). 
Planting density did not affect fresh or dry mass per plant, height, or node or branch 
number. 
 
Experiment 2  
Growth and development were affected by either DLI, spacing, or number of 
plants per cell (Table 2). There was no interaction between DLI, spacing, and number of 
plants per cell or any combination of those parameters (data not shown). Increasing DLI 
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increased fresh mass per m
2
 by 318 g to 621 g, dry mass per m
2 
by 26 g to 45 g, fresh 
mass per cell by 6.0 g to 9.6 g, dry mass per cell by 0.4 g to 0.7 g, height by 7.5 cm to 
10.5 cm, and node number by 0.5 to 1.4 nodes. Increased planting density caused an 
increase in fresh and dry mass per m
2
 of 143 g to 620 g fresh mass and 9 to 30 g dry 
mass, but had no effect on fresh mass and dry mass per cell, height, and node number. As 
the number of plants per cell increased, only fresh mass per cell increased by 1.2 g to 3.6 
g with no effect on fresh mass per m
2
, dry mass per m
2
, dry mass per cell, height, and 
node number. 
When comparing all treatments, the greatest fresh (1116 g) and dry mass per m
2
 
(74 g) was obtained by growing plants under a high DLI, spacing the plants 10 cm apart, 
and growing two seeds per cell. This was also similar to plants grown under high DLI 
spaced 10 cm apart with a single plant (892 g and 61 g) and those spaced 15 cm apart 
with two plants per cell (621g and 44 g). The greatest fresh and dry mass per cell (14.0 g 
and 1.0 g, respectively) was obtained by growing plants under a high DLI, 15 cm apart 
with two plants per cell with other treatments grown under the high DLI having similar 
fresh (8.9 to 11.2 g) and dry (0.6 to 0.8 g) masses. Node number was 1.5 to 1.6 nodes less 
in plants grown 15 or 10 cm apart, respectively, under a low DLI with two plants per cell 
compared to plants grown under a high DLI spaced 15 cm apart with one plant per cell, 
and there were no differences in height.  
 
Discussion 
 In field basil production, increasing plant density from 50 to 150 or 200 plants per 
m
2
 resulted in an increase in yield of 11.6 to 38.9 g∙m2 (Sadeghi et al., 2009). Miceli et al. 
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(2003) determined that increasing plant density from 226 plants per m
2
 to 593 plants per 
m
2
 resulted in an increase in yield by ~1 kg∙m2. Our research evaluated maximum 
densities of 100 plants per m
2
 for green sweet basil and 200 plants per m
2
 for purple 
sweet basil. These results were similar to previous research stating that highest densities 
resulted in the highest yield per m
2
 (Miceli et al., 2003; Sadeghi et al., 2009). However, 
increased planting densities may increase disease incidence (Garibaldi, 2007). Therefore, 
close spacings are recommended for short-term crop cycles, unless disease pressure 
becomes an issue.  
 Walters and Currey (2015) determined that basil cultivars vary greatly in fresh 
mass. They determined purple sweet basil yields less than green sweet basil. For 
example, sweet basil ‘Italian Large Leaf’ had 3.4 times the mass of purple basil  ‘Osmin’. 
This should be taken into consideration when choosing plant densities and estimating 
yields. Growing two purple basil plants per cell as a means of increasing plant densities 
was evaluated. Increasing the number of plants per cell increased fresh mass per cell, but 
did not increase fresh and dry mass per m
2
. For example, plants spaced 10 cm apart 
grown under low DLI with two seeds per cell had 210 g more fresh mass and 10 g more 
dry mass per m
2
 than the same treatment with one seed per cell. Therefore, increasing the 
number of plants per cell is useful if increased mass per cell is desired, but unnecessary if 
increased mass per m
2
 is desired. 
Increasing DLI increased fresh and dry mass for both green and purple sweet basil 
across planting densities, though the effects of DLI on yield per m
2
 were greater with 
closer spacings and higher densities. These results agree with previous research from 
Beaman et al. (2009) who found that sweet basil requires an optimal irradiance of 500 
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µmol∙m−2∙s−1 for the greatest edible biomass production. As evident, increasing DLI 
increases mass. 
 
Conclusions 
 Whether growing plants under high or low DLIs, spacing plants 10 cm apart 
results in the greatest productivity per m
2
 in both sweet and purple basil. Purple sweet 
basil grows slower than green sweet basil, therefore, sowing two seeds per cell is 
beneficial. Increasing DLI will increase productivity. Producers are urged to conduct on-
site trials to determine optimal plant spacings under their production practices. 
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Tables and Figures 
Table 1. Effect of high (~15 mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral 
(DLI) and spacing on fresh mass per m
2
, fresh mass per plant, dry mass per m
2
, and dry 
mass per plant of hydroponically grown sweet basil (Ocimum basilicum ‘Nufar’) grown 3 
weeks in deep flow technique hydroponic systems.  
 DLI  
Spacing Low High Sig. 
 Fresh mass (g∙m−2) 
10 617      1115   NS
 y
 
15 266        612 NS 
20 169        434 * 
25 105        255 * 
30   75        175 * 
Sig. L
 z
 *** L ***  
 Fresh mass (g∙plant−1) 
10 6.2 11.2  NS 
15 6.0 13.8  NS 
20 6.4 17.4  * 
25 6.6 15.9  * 
30 6.8 15.7  * 
Sig. NS NS  
 Dry mass (g∙m−2) 
10       38  94 ** 
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15       17  54  * 
20       11  40  ** 
25         7  23  * 
30         5   15 ** 
Sig. *** ***  
 Dry mass (g∙plant−1) 
10 0.4  0.9 ** 
15 0.4  1.2 * 
20 0.4  1.6 ** 
25 0.5  1.4 * 
30 0.5  1.4 ** 
Sig. NS NS  
z
 L  indicates linear regression. 
y
 *, **, ***, or NS indicate significant at P ≤ 
0.05, 0.01, 0.001, or NS respectively. 
 
 
 
 
 Table 1. continued 
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Table 2. Effect of high (~15 mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integral (DLI), spacing, and number of seeds per cell on 
growth of purple sweet basil (Ocimum basilicum ‘Red Rubin’) grown 4 weeks in deep flow technique hydroponic systems.  
DLI Spacing 
(cm) 
Plants 
(no.) 
Fresh mass 
(g∙m2) 
Dry mass 
(g∙m2) 
Fresh mass 
(g∙cell) 
Dry mass 
(g∙cell) 
Height 
(cm) 
Nodes 
(no.) 
Low 10 1 285 c
 z
 19 cd 2.9 c 0.2 c 9.1 a 4.1 ab 
  2 495 bc 29 cd 5.0 bc 0.3 bc 9.1 a 3.9 b 
 15 1 143 c 9 d 3.2 c 0.2 bc 8.2 a 4.0 ab 
  2 198 c 13 cd 4.4 bc 0.3 bc 8.1 a 3.8 b 
High 10 1 892 ab 61 ab 8.9 abc 0.6 ab 16.6 a 5.1 ab 
  2 1116 a 74 a 11.2 ab 0.7 a 16.6 a 4.4 ab 
 15 1 461 bc 35 bcd 10.4 ab 0.8 a 18.7 a 5.4 a 
  2 621 abc 44 abc 14.0 a 1.0 a 15.6 a 5.0 ab 
DLI    ***
 y
 *** *** *** *** *** 
Spacing *** ***  NS  NS NS NS 
Plants NS NS * NS NS NS 
       
1
3
5
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z
 Letters indicate mean separation across DLIs, spacing, and plant number per cell by Tukey’s 
honestly significant difference test at P ≤ 0.05. 
y
 *, ***, or NS indicate significant at P ≤ 0.05, 0.001, or NS respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
1
3
6
 
 Table 2. continued 
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Fig. 1. Sweet basil (Ocimum basilicum ‘Nufar’) grown with high (~15 mol∙m−2∙d−1) or 
low (~7 mol∙m−2∙d−1) daily light integrals (DLIs) on 10, 15, 20, 25, or 30 cm spacings 
after 3 weeks in deep flow technique hydroponic systems. 
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Fig. 2. Purple sweet basil (Ocimum basilicum ‘Red Rubin’) grown with high (~15 
mol∙m−2∙d−1) or low (~7 mol∙m−2∙d−1) daily light integrals (DLIs), 10 or 15 cm spacing, 
and 1 or 2 seeds per cell after 4 weeks in deep flow technique hydroponic systems. 
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